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ABSTRACT 
 
 
In Europe, the rapidly growing thermosetting foam insulation products industry 
comprises over 11,500 companies employing over a third of a million people and is 
worth about 6 billion Euros in trade. It is currently estimated 4-7 % of total new UK 
production is scrapped and goes to landfill. Estimated costs of disposing of this waste 
foam are of the order of £20 million/annum to the producers of foam panels and 
insulation blocks. A new strategic direction for rigid polymeric foams waste 
management has been developed converting the scrapped thermosetting foams into 
high added value material that can be used in various applications such as fire 
resistant insulating applications. Thus by this new innovative recycling process the 
waste is not only eliminated but benefits can be gained from the new material that 
comes out of it as a structural composite panel. 
 
The project involves a new concept that  mixes fragmented scrap thermosetting 
foams materials with a proprietary liquid that cures at ambient temperature to form 
an incombustible material capable of withstanding high temperatures >1000◦C. 
 
In this research different kind of polymeric foams used for manufacturing of 
reconstituted recycled samples. Sodium silicate solution has been chosen as the 
binder to binds shredded foams together. Due to fastening of sodium silicate curing 
different kind of acidic powders have been tested. For increasing of post properties 
after curing variety of fillers as an additive have been tried through out this research.  
 
Different foam cutting methods have been tested to find the suitable shredding 
routine. Rationale for selection of generic binder and its hardeners/fillers has been 
discussed in this project. Also as post properties evaluation compressive strength, 
thermal resistance, fire resistance and acoustic properties of recycled structural 
composite panels have been measured. At last a model for thermal conductivity of 
composite panels is developed.  
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A new strategic direction for rigid polymeric foams waste management is designed 
for converting the scrapped foams into a high added value material that can be used 
in various applications such as fire resistant insulating applications. It is important at 
this stage to understand that the new recycling process is innovative, this is because 
the recycled product is a unique type of material that has a great potential for various 
applications which will be discussed in detail in chapter 7. Thus by this new 
innovative recycling process the waste is not only eliminated but benefits can be 
gained from the new material that comes out of it. A schematic of this process has 
been shown in Figure 1.1.  
 
Figure 1.1 Schematic of the new proposed recycling 
 
The new recycling process is simple; it starts by taking scrapped polyurethane and 
phenolic foams from construction sites usually generated from the trimming 
performed on the insulation panels and shredding them using a chopping machine 
where the size of the shredded foam can be determined according to the 
requirements. Then the shredded foam is mixed with binders and hardeners such as 
silicate/aluminium phosphate and left to cure at room temperature. The mixture (or 
the outcome material) has various applications. It can be poured between panels to 
produce a sandwich panel system and/or can be used to fill cavities.  
Shred Mix Mould
p 
Silicate Binder 
New Foam 
New Panel 
Insulation 
On-Site Scrap Scrap 
New High Temp. Foam 
Recycled Panel New high value 
applications 
New gap-fill uses 
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This process has many advantages over other Rigid Polyurethane (PUR), 
Polyisocyanurate (PIR) and phenolic foams waste management routes that have been 
described in chapter 2 in detail. These advantages can be categorised into three 
categories namely environmental advantages, economic advantages and other unique 
advantages. One of the major advantages of the new polymeric foam recycling 
process is that it will decrease the pressure on landfill because 90 % of insulation 
generated from construction, refurbishment and demolition of buildings is sent to 
landfill [1]. This type of waste is hazardous and toxic and if not dealt with 
appropriately may contaminate the ground water. The process takes this waste and 
changes it to a new high added value product thus eliminating a major waste stream. 
In addition to this the new recycling process is environmentally friendly and it 
encourages sustainability by re-using resources rather than using virgin materials. It 
has already been determined that other waste management routes for scrapped foams 
are uneconomic, whereas the new polymeric foams recycling process costs much less 
than conventional waste management techniques [2]. The reclassification of PUR, 
PIR and phenolic foams waste as hazardous will mean a considerable increase in the 
cost of disposing of such waste, leaving companies with extra overheads that can be 
simply overcome if the new recycling process for rigid polymeric foams was applied. 
The new process does not only eliminate the waste cheaply but also it provides a new 
material that can be used in different applications thus eliminating the burden of 
deposing of the waste and generating revenues by utilising the new material. In 
addition to this, studies showed that insurance companies will pay a premium to 
replace a standard £20/m2 panel system produced using a combustible polymeric 
foam core with steel facings by a £200/m2 equivalent panel if the core was 
incombustible and these panels can be produced by using the new material produced 
by the recycling process as the core in the panels [3]. Also considering the disposal 
of scrapped foams from cold stores, truck trailer walls and railway vehicles there is a 
huge potential market for the process. What is really interesting about the new 
technology is that the recycling process can be performed not only off site but also 
on-site thus saving the transportation cost of scrapped foams. The new recycling 
process is portable and integrated which mean that it can be shifted from one 
construction site to another if needed.  For each of the characteristics mentioned 
there will be number of applications for the recycled product. Figure 1.2 shows some 
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of potential applications for the recycled product. We will divide these applications 
into two major categories onsite applications and offsite applications. 
 
 
Figure 1.2 Number of possible applications for the recycled product 
 
 
The new process will help companies to comply with new regulations about the 
disposal of foam waste with less effort and cost. Also using such a unique and 
environmentally friendly process will provide companies that employ the new 
recycling process with a scheme to market themselves as companies that care about 
the environment. This leads to respect and possibly new contracts especially in these 
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days where sustainability, climate changes and environmental issues are considered 
highly thus gaining an advantage over rivals. 
 
 
This research is sponsored by companies involved in manufacturing, installation and 
reconstituting polymeric foams. Tested materials are supplied by foam manufacturers 
(Kingspan Insulation Ltd., Elastogran Ltd., Hexion Ltd. and RCS Ltd.). Shredding 
machine is designed and modified through out this research by Globe Organic 
Services Ltd. as a manufacturer of shredding machines. The idea of research is based 
on manufacturing low cost composites developed by Matrice Ltd.  
 
In this project different kinds of polymeric foams were used for the manufacturing of 
reconstituted recycled samples. Sodium silicate solution has been chosen as the 
binder to bind shredded foams together. In order to accelerate the cure of sodium 
silicate, different kinds of acidic powders were tested. Also in order to optimise the 
properties of cured silicate, a variety of fillers have been evaluated throughout this 
research. 
 
In chapter 2 different thermosetting foams recycling procedures, cutting methods are 
reviewed. Also the science behind silicate binder for manufacturing low cost durable 
composite is reviewed.  In chapter 3 the recycling procedure has been introduced. In 
chapter 4 the rationale for selecting the binder, hardener and fillers is explained. In 
chapter 5 the curing procedure and effect of hardener and fillers on curing time, 
temperature and mechanical properties of final binder are described in details. In 
chapter 6 recycled thermosetting foams and the rationale for selection of a method 
for fragmentation of these foams are described. Also results of foam particle size 
characterization are explained in this chapter. In chapter 7 the manufacturing 
procedure of recycled foam composite is explained. Mechanical, thermal, acoustic 
and fire properties of recycled composite are tested in this chapter. In chapter 8 a 
model for calculating thermal properties of recycled composite panel is introduced. 
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2.1 Introduction 
 
Polymer recycling is one of the major concerns in the plastics industry. Recycling 
cellular foams as well as other thermosetting polymers has attracted a lot of attention 
due to their recycling problems. Polymeric foams are increasingly being used in the 
construction industry due to their light weight, ease of installation, low maintenance, 
tailor made properties, and corrosion resistance [4]. This research has been focused 
on a new method of recycling to be applicable and cost effective in the recycling 
industry and especially in construction.  
 
In this chapter the importance of polymeric foam recycling has been reviewed. Also 
different recycling methods introduced by foam manufacturers and researchers have 
been reported. Advantages and disadvantages of each method have been 
investigated. 
 
The new method of recycling thermosetting foams uses a low cost ceramic 
composites technology. The idea combines the concept of a ceramic composite based 
around a sodium silicate mixture with mechanical recycling of the foams. Therefore 
studies of ceramic composites using silicate solutions as the matrix are reviewed later 
in this chapter.       
 
 
2.2 Sustainability, climate change and the green 
agenda 
 
The Brundtland report defined Sustainable development as “a development that 
meets the needs of the present without compromising the ability of future generations 
to meet their own needs” [5]. Sustainable development calls for economic 
development, social development and environment protection. Sustainable 
development’s goal “is to enable all people throughout the world to satisfy their basic 
needs and enjoy a better quality of life, without compromising the quality of life of 
future generations” [6]. The major obstacle in the way of achieving sustainable 
development is the issue of climate change. Nowadays more companies are 
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addressing the challenges of sustainability such as climate change through 
establishing green agendas to help them push forward towards sustainability [7]. The 
term –being green- has been the centre of concentration in the R&D laboratories of 
many companies within industries such as the automotive industry, the electrical 
supplies industry and the construction industry (Figure 2.1). This will be essential for 
survival from 2008 onwards. 
 
 
Figure 2.1 Sustainability statements for 5 companies [7] 
 
Being green indicates becoming more environmentally aware by producing products 
that are environmentally friendly which means they either have a lower impact on the 
environment or they are helping to reduce emissions levels of harmful gasses. For 
example in the construction industry using an insulated structural panel [8], will help 
to retain heat within the house or building thus enhancing energy efficiency through 
reducing heat loss which reduces the level of emissions from energy requirements 
[9]. In addition to this, governments reactions to address the issue of sustainability 
and climate change has resulted in setting green agendas to lower the impact of their 
industries, organisation and individuals on the environment. One of the industries 
affected by these laws is the construction industry and according to the Building 
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Research Establishment (BRE) “climate change, and hence carbon emissions will be 
a key driving force in changing construction…. This has a major impact on waste 
reduction, reuse and recycling in terms of prioritisation of building type, products 
and new technologies” [6]. 
 
 
2.2.1 The demand for sustainable construction 
 
Construction is seriously affected by demands to lower its impact on the 
environment. One of the roads to achieve sustainable construction is through 
increasing energy efficiency in buildings because buildings consume a large amount 
of energy which is derived from fossil fuels which are the largest contributor to 
climate change (Figure 2.2) [10]. 
 
Figure 2.2 World greenhouse gases (GHG) emissions by cause [11] 
 
By investing in new technology or adopting approaches already available, U.S. 
greenhouse gas emissions could be reduced by three billion tons a year, more than 
offsetting the increases expected by 2030 as the population and economy grow. And 
the money saved from efficiencies in how the energy uses (Figure 2.3A) could help 
pay for improvements in how we generate energy (Figure 2.3B) [12]. 
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Figure 2.3 Cuts that A) save money; B) costs money [12] 
 
(A) 
(B) 
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About 40 percent of possible cuts could come from measures that save billions of 
dollars a year (Figure 2.3A). Most of these savings are found in building 
improvements, such as insulation which costs less than other types (Figure 2.3B).  
 
 
2.2.2 Thermal insulation and energy efficiency in buildings 
 
Improving energy efficiency is crucial to tackle the problem of climate change as 
addressed by the G8 summit in Germany, 2007 “Improving energy efficiency 
worldwide is the fastest, the most sustainable and the cheapest way to reduce 
greenhouse gas emissions and enhance energy security” [13]. Thermal insulation 
plays an important role in reducing the level of energy required by buildings as it 
increases energy efficiency. Thermal insulation decreases heat loss by trapping heat 
within the confined space of a house or a building as shown in Figure 2.4. The major 
insulation products used are known as structural insulation panels. These panels 
consist of two outer sheets and a core between them. The insulator core usually 
consists of rigid polymeric foams [14]. Although thermal insulation increases energy 
efficiency in buildings in response to climate change, the major problem with these 
panels is the amount of waste generated. 
 
 
Figure 2.4 Heat loss from a house built with (A) and without (B) using structural 
insulated panels (SIPs) [8] 
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2.2.3 General Principle of thermal insulation 
 
All thermal insulation materials work on a single basic principle: heat moves from 
warmer to colder areas. If a slab of material, as shown in Figure 2.5 has two faces at 
different temperatures T1 and T2 heat will flow from the face at the higher 
temperature T1 to the other face at the lower temperature T2. 
 
Figure 2.5 Heat conduction through a slab [15] 
 
The rate of heat transfer is given by Fourier's equation: 
 
dx
dTkA
x
TkA
dt
dQ
=
∆
=
                                                                   Equation 2.1 
 
Where 
dt
dQ
 is the rate of heat flow, k is thermal conductivity, A is the total cross 
sectional area of conducting surface, 
x
T∆
 is the temperature gradient. Under steady 
temperature conditions 
dt
dQ is constant, which may be called q. This may be regarded 
as the basic equation for simple heat conduction. It can be used to calculate the rate 
of heat transfer through a uniform wall if the temperature difference across it and the 
thermal conductivity of the wall material are known. Thus, rearranging the equation 
gives thermal conductivity, 
T
x
At
Qk
∆∆
∆
=
1
                                                                                  Equation 2.2 
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In other words, it is defined as the quantity of heat, ∆Q, transmitted during time ∆t 
through a thickness x, in a direction normal to a surface of area A, due to a 
temperature difference ∆T, under steady state conditions and when the heat transfer 
is dependent only on the temperature gradient. The U-value (or U-factor), more 
correctly called the overall heat transfer coefficient, describes how well a building 
element conducts heat. It measures the rate of heat transfer through a building 
element over a given area, under standardized conditions. The usual standard is at a 
temperature gradient of 24 °C, at 50%. For insulation, purposes smaller U-value is 
better due to better insulability. U is the inverse of R with SI units of W/m²K. 
U
R 1=
                                                                                                 Equation 2.3 
 
Therefore, on cold days, heat from inside a building seeks to get outside. And on 
warmer days, the heat from outside the building seeks to get inside. Insulation is the 
material which slows this process. Rigid phenolic, rigid urethane and extruded 
polystyrene insulation materials have tiny pockets of trapped gas. These pockets 
resist the transfer of heat. They will not stop the loss or gain of heat completely. 
Buildings, no matter how well insulated will need a continual input of heat to 
maintain desired temperature levels. The input needed will be much smaller in a well 
insulated building than in an un-insulated one - but it will still be needed. Before 
dealing with the principles of insulation it is necessary to have an understanding of 
the mechanism of heat transfer. When a hot surface is surrounded by an area that is 
colder, heat will be transferred and the process will continue until both are at the 
same temperature. The heat transfer takes place by one or more of three methods:  
conduction, convection and radiation. 
 
 
2.2.3.1 Conduction 
 
Conduction is the process by which heat flows by molecular transportation along or 
through a material or from one material to another. The material receiving the heat 
being in contact with that from which it receives it. Conduction takes place in solids, 
liquids and gases and from one to another. The rate at which conduction occurs 
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varies considerably according to the substance and its state. In solids, metals are 
good conductors, gold, silver and copper being amongst the best. The range 
continues downwards through minerals such as concrete and masonry, to wood, and 
then to the lowest conductors such as thermal insulating materials. Liquids are 
generally bad conductors but this is sometimes obscured by heat transfer taking place 
by convection. Air and other gases are generally good insulators, in the absence of 
convection. Therefore, many insulating materials function simply by having a large 
number of gas-filled pockets, which prevent large-scale convection. 
In metals, thermal conductivity approximately tracks electrical conductivity 
according to the Wiedemann-Franz law, as freely moving valence electrons transfer 
not only electric current but also heat energy [15]. However, the general correlation 
between electrical and thermal conductance does not hold for other materials, due to 
the increased importance of phonon carriers for heat in non-metals. Thermal 
conductivity depends on many properties of a material, notably its structure and 
temperature [16]. For instance, single crystal substances exhibit very different 
thermal conductivities along different crystal axes, due to differences in phonon 
coupling along a given crystal axis. 
 
 
2.2.3.2 Convection 
 
Convection occurs in liquids and gases. For any solid to lose or gain heat by 
convention it must be in contact with the fluid. Convection can not occur in a 
vacuum. Convection results from a change in density in parts of the fluid, the density 
change being brought about by a change in temperature. The process of convection 
that takes place solely through density change is known as 'natural convection'. 
Where the fluid displaced is accelerated by wind or artificial means the process is 
called 'forced convection'. With forced convection the rate of heat transfer is 
increased - substantially so in many cases. 
 
 Convection in gases 
If a hot body is surrounded by cooler air, heat is conducted to the air in immediate 
contact with the body. This air then becomes less dense than the colder air further 
                                                                                                            1 
 
15 
away. The warmer lighter air is thus displaced upwards and is replaced by colder 
heavier air which in turn receives heat and is similarly displaced. There is thus 
developed a continuous flow of air or convection around the hot body removing heat 
from it. This process is similar but reversed if warm air surrounds a colder body, the 
air becoming colder on transfer of the heat to the body, and the air becomes 
displaced downwards. 
 
 Convection in liquids 
Similar convection processes occur in liquids, though at a slower rate according to 
the viscosity of the liquid. It cannot be assumed however that convection in a liquid 
results in the colder component sinking and - the warmer rising. It depends on the 
liquid and the temperatures concerned. Water achieves its greatest density at 
approximately 4°C. Hence in a column of water, initially at 4°C, any part to which 
heat is applied will rise to the top, but, alternatively. if any part is cooled below 4°C 
it too will rise to the top and the relatively warmer water sinks to the bottom. It is 
always the top of a pond or water in a storage vessel which freezes first. 
 
 
2.2.3.3 Radiation  
 
The process by which heat is emitted from a body and transmitted across space as 
energy is called radiation. Heat radiation is a form of wave energy in space similar to 
radio and light waves. Radiation does not require any intermediate medium such as 
air for its transfer; it can readily take place across a vacuum. All bodies emit radiant 
energy; the rate of emission is governed by:  
 
• The temperature difference between radiating and receiving surfaces;  
• The distance between the surfaces; and  
• The emissivity of the surfaces. Dull matt surfaces are good emitters/ 
receivers, bright reflective surfaces are poor. 
 
The same applies to items of plant - pipes, vessels and tanks containing hot (or cold) 
fluids. If there is no heat input to compensate for the loss through the insulation the 
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temperature of the fluid will fall. A well insulated vessel will maintain the heat of the 
contents for a longer period of time but it will never on its own. keep the temperature 
stable. Thermal insulation does not generate heat, it is a common misconception that 
thermal insulation automatically warms the building in which it is installed. If no 
heat is supplied to that building the building will remain cold. Any temperature rise 
that may occur will be as a result of better utilisation of internal fortuitous or 
incidental heat gains. 
 
2.2.4 Requirements of an insulant 
 
In order to perform effectively as an insulant a material must restrict heat flow by 
any, and preferably, all three methods of heat transfer. Most insulants adequately 
reduce conduction and convection elements by the cellular structure of the material. 
The radiation component is reduced by absorption into the body of the insulant and is 
further reduced by the application of a bright foil outer facing to the product. 
 
 
2.2.4.1 Density effects 
 
Most materials achieve their insulating properties by virtue of the high void content 
of their structure. As shown in Figure 2.6 the voids in cellular insulants inhibit 
convective heat transfer because of their small size.  
 
 
Figure 2.6 Convection inhibition in cellular materials 
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A reduction in void size reduces convection but does increase the volume of the 
material needed to form the closed matrix, this thus results in an increase in product 
density. Costa et. al. have proved that packing density changes the thermal 
conductivity of the insulant [17], whereby an increase in packing density raises the 
thermal conductivity of the insulant material (Figure 2.7).  
 
Figure 2.7 Influence of packing density (PD) and moisture (M) on thermal 
conductivity (K) [17] 
 
Further increases in density continue to inhibit convective heat transfer but ultimately 
the additional benefit is offset by the increasing conductive transfer through the 
matrix material and any further increase in density causes deterioration in thermal 
conductivity [18]. 
 
 
2.2.4.2 Convection inhibition 
 
To reduce heat transfer by convection an insulant should have a structure of a 
cellular nature or with a high void content. Small cells or voids inhibit convection 
within them and thus are less prone to excite or agitate neighbouring cells. 
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2.2.4.3 Conduction inhibition 
 
To reduce heat transfer by conduction, an insulant should have a small ratio of solid 
volume to void. Additionally a thin wall matrix, a discontinuous matrix or a matrix 
of elements with minimum point contacts are all beneficial at reducing conducted 
heat flow. A reduction in the conduction across the voids can be achieved by the use 
of inert gases rather than still air. 
 
 
2.2.4.4 Radiation inhibition 
 
Radiation transfer is largely eliminated when an insulant is placed in close contact 
with a hot surface. Radiation may penetrate an open cell material but is rapidly 
absorbed within the immediate matrix and the energy changed to conductive or 
convective heat flow. Radiation is also inhibited by the use of bright aluminium foil 
either in the form of multi-corrugated sheets or as an outer facing on conventional 
insulants. Since most wall coverings are fairly absorbent in the infrared region a high 
proportion of the radiation emitted from the rear face of the radiator is lost to the 
outside. A highly polished metal surface reflects most of the infrared radiation, 
resulting in a lowered wall temperature, reducing conduction heat losses through the 
wall and lowering the energy consumption required to maintain the same internal 
conditions (Figure 2.8) [19]. 
   
                  (A)                             (B)                             (C) 
Figure 2.8 Comparison of foil heat gain/loss in A) Un-insulated wall space, B) 
Insulated wall space and C) Two Sheets of 5% emissive aluminium foil [19] 
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2.3 Rigid Board Insulations 
 
Rigid insulation is made from fibrous materials or cellular plastic foams and is 
pressed, extruded, or moulded into board like forms [20]. Board products can provide 
both thermal and acoustical insulation, possess modest strength properties with low 
weight, and provide adequate coverage with few heat-loss paths when installed. 
Rigid insulation boards also may be manufactured with various facers to enhance or 
protect certain physical properties. Even though rigid board products are typically 
more expensive than other types of insulating materials, they are used commonly in 
buildings where there are space limitations, where rigidity is critical to the 
application, or where lower thermal conductivity is necessary. In Table 2.1 thermal 
conductivity of different types of insulation materials has been compared. 
 
Table 2.1 Thermal conductivity comparison of insulation materials [21, 22] 
 
 
 
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Rigid board insulation R-values can range from 4 to 8 per centimetres of thickness 
depending on the composition and the method of aging [20]. Board insulation 
products can be applied in a variety of locations. Exterior sheathings applied over 
wall framing members (especially with steel stud framing systems), within wall 
cavities, in masonry veneer wall cavities, or behind an interior finish material are but 
a few examples. Although predominantly found in commercial construction, the 
most common types include cellular glass, glass fibre, mineral fiber, perlite, 
polyisocyanurate, polystyrene (expanded and extruded), wood fiberboard, and 
composites [20]. Rigid insulation is also being used in innovative ways in new 
construction to create more energy-efficient homes. Stressed-skin walls can replace 
traditional stick framing with engineered panels consisting of a foam core with 
structural sheathing adhered to both sides. Known as structural insulated panels 
(SIPs), they usually incorporate expanded polystyrene (EPS) or polyisocyanurate 
foam as the core material. Insulating concrete formwork is another foam-based 
product that is used in lieu of traditional construction.  Many variables affect the 
installed thermal performance of rigid board insulation. These include the density of 
the foam, the blowing agent used to create the foam, the method of aging, the cellular 
structure, the durability of the material, the presence of dents and chips, the thickness 
and type of facer (if any) that is used, the thickness of the board, and the conditions 
in which the foam is installed. The long-term thermal performance of any insulation 
product always should be evaluated prior to its selection or application. Rigid 
insulation can be used as an air infiltration retarder when installed properly. With 
respect to moisture movement, special attention must be paid to the use of rigid 
board products on the exterior of a wall when a vapour retarder is already in place on 
the interior of the wall. Chlorofluorocarbons (CFCs) are no longer used as a blowing 
agent for plastic foams. Hydrochlorofluorocarbons (HCFCs), originally a U.S. 
Environmental Protection Agency (EPA)–approved blowing substitute for (the 
discontinued) CFCs, are currently found in extruded polystyrene foam boards and 
polyisocyanurate foam boards [20]. For these reasons, the existing research has been 
outlined to solve the problems. All organic cellular plastics, whether or not they 
contain fire retardants, should be considered combustible and handled accordingly. 
Terms such as fire-retardant and flame-resistant are sometimes used to describe the 
combustibility characteristics of foams. While they are valid measures of the 
performance of these materials under small fire exposure, they are not intended to 
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reflect hazards under exposure to large-scale fire conditions. The combustion 
characteristics of foam insulation products vary with the combustion temperatures, 
chemical formulation (which will determine thermoplastic or thermoset behavior), 
and available air. Plastic foam insulation may appear relatively difficult to ignite, but 
once ignited, it burns readily and emits a dense black smoke containing toxic gases 
(as do all organic combustibles commonly used in construction). Foam insulation 
used in construction requires a fire-protective covering such as 1.5cm thick gypsum 
wallboard or similar 15-minute code-approved thermal barrier. Therefore a recycling 
process that improves fire resistivity of rigid insulation board is needed. 
 
The actual cost of an insulating material depends on several factors. The first is the 
amount required to achieve a particular insulating level (some are better insulators 
than others). The second factor is the cost of installation. Some materials have to be 
cut to size and fixed in place. This adds to the time and cost of installation. The 
following chart in Figure 2.9 compares the insulating efficiency of common 
insulation material available in the UK and shows how thick various materials need 
to be to achieve the same insulation level [22]. 
 
 
Figure 2.9 Insulating efficiency of common insulation material available in the UK 
(Thickness for a common insulating value) [22] 
 
 
As you can see from the chart, some materials like Rockwool, need to be twice as 
thick as foams like phenolic, polyisocyanurate & spray foam (polyurethane).The 
following chart in Figure 2.10 gives an indication of typical material costs of the 
various common insulating materials on an equal insulation basis. In other words, 
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costs have been adjusted to reflect the fact that some materials need to be thicker 
than others.  
 
 
Figure 2.10 Material costs of the various common insulating materials (To achieve a 
common insulating value) [22] 
 
 
As it was shown in Table 2.1, Figure 2.9 and 2.10 Polyurethane (PUR) and Phenolic 
foams has the lowest thermal conductivity in comparison to other types of insulants. 
In the following parts PUR and Phenolic is introduced in more details. 
 
 
2.3.1 Polyurethane 
 
Polyurethane (PUR) plastics were developed originally in the 1930s and were used 
primarily in military and aerospace applications until the 1950s [20]. Their 
application in consumer and industrial products became popular in the late 1950s, 
when they were used mostly for cushioning (flexible foam), coatings (polyurethane 
modified oil-based), and thermal insulation applications (rigid foam). In the 1970s, 
there was a growth in the use of rigid PUR foam thermal insulation in refrigerators, 
as panel products, and in spray applied insulating foam [20]. Development of new 
chemical recipes and catalysts in Europe and the United States resulted in a next-
generation product called polyisocyanurate foam (PIR). Also called polyiso foam, it 
first appeared on the U.S. market in the mid-1970s [9]. PUR and PIR insulations are 
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manufactured by chemical reactions between polyalcohols and isocyanates [20]. 
Polyurethanes are made by reacting diisocyanates (MDI and/or TDI) with a range of 
polyols [20]. The chemical formulations contain, depending on the end product, 
catalysts, surfactants, often blowing agents and - if necessary - fire retardants. By 
these means a range of product types can be made – rigid and flexible foams, rigid 
and flexible integral skin foams, elastomers, adhesives, coatings and sealants. The 
properties can be controlled by variation of the amount of blowing agent giving a 
range of densities and the molecular weight of components such as the polyols which 
helps to control the flexibility/rigidity of the end material. These polyurethane 
chemicals are used in a range of continuous or discontinuous processes and often 
combined with other materials to manufacture, for example, insulated building 
panels, mattresses and upholstered furniture, car seats, domestic refrigerators and 
freezers, truck bodies, footwear and coatings. The rigid polyurethane insulation was 
developed 50 years ago in 1975 [23] and it consists of insulation materials based on 
polyurethane (PUR) and polyisocyanurate (PIR). This insulation material has 
distinctive characteristics which placed it as one of the most used insulator in the 
construction industry. The closed cell structure of the foam means that polyurethane 
has very low thermal conductivity (0.022W/m.K.) thus using it has significant 
advantages in the area of sustainable construction [9]. The superior thermal 
conductivity means that there will be a huge improvement in the area of energy 
efficiency in buildings. This leads to reduction in emissions level and also reduction 
in energy bills. Other advantages of the closed cell structure are resistance to 
moisture and lack of absorption of water or water vapour meaning rigid polyurethane 
insulation deteriorates very difficult. It is very durable with a useful life of over 50 
years period and this coupled with its low thermal conductivity, leads to significant 
savings for use. These savings comes from lowering the amount of fuel needed to 
generate heating which in turn leads to reduction In the amount of CO2 emissions 
released into the atmosphere, as well as addressing the issue of fuel poverty. Also 
due to low density of the PIR and PUR it helps in providing more living space [9, 23-
25]. The boards are usually double-faced with foil or sometimes come bonded with 
an interior or exterior finishing material. The boards must be protected from 
prolonged exposure to water and sunlight, and if used in an interior application, they 
must be covered with a fire-resistant thermal barrier material such as gypsum 
wallboard (Figure 2.11) [20]. 
                                                                                                            1 
 
24
 
Figure 2.11 Cavity wall insulation Source [9] 
 
Thermal drift is an issue with each of these foams. Over the first few years after 
installation, the R-value of the foam drops as the gas slowly escapes from the cells 
and is replaced by ambient air. Experimental data on polyurethane foams indicate 
that most thermal drift occurs within the first 2 years after manufacture. Foil and 
polymer sheet facers on foam boards can inhibit the escape of gas from the cell 
structure. Laboratory and field testing data suggest that the stabilized R-value of rigid 
foam with metal foil facers remains unchanged after 10 years [26]. Rigid PUR and 
PIR foams will, when ignited, burn rapidly and produce intense heat and dense 
smoke and gases that are irritating, flammable, and/or toxic. As with other organic 
materials, the most significant toxic gas is usually carbon monoxide. Thermal 
decomposition products from PUR foam consist mainly of carbon monoxide, 
benzene, toluene, oxides of nitrogen, hydrogen cyanide, acetaldehyde, acetone, 
propene, carbon dioxide, alkenes, and water vapour [20]. 
 
There are different types of polyurethane depending on the application. Each type 
has a different density and as it was explained in 2.2.4.2 changes in density affect the 
thermal conductivity. Thirumal et al have shown that in PUR foam density variation 
is caused by the cell size which affects the thermal conductivity of rigid foam [18]. 
In Figure 2.12 the cell size of PUR foam samples of different densities are shown.  
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                                   (A)                                                       (B) 
 
                (C)                                                         (D) 
Figure 2.12 Microphotographs of PUR samples of different density: (A) 103 kg/m3; 
(B) 60 kg/m3; (C) 42 kg/m3; and (D) 18 kg/m3 [18] 
 
 
As this Figure shows average cell size is changed by changing the density and vice 
versa. In Figure 2.13 effect of density on average cell size and thermal conductivity 
is illustrated [18]. 
 
Figure 2.13 Effect of density on (A) average cell size and (B) Thermal conductivity 
of the PUR foams [18] 
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2.3.2 Phenolic 
 
Phenolic foams have been used in structural application for the past 15 years because 
of their strength (Figure 2.14) and fire resistivity compared to other thermosetting 
materials [27]. Their unique properties place them amongst the most effective 
insulation materials that can be used, with characteristics very similar to those of 
PUR and PIR. 
 
 
Figure 2.14 Roofs insulated by Phenolic foams withstanding under falling trees [8] 
 
 
The exceptional fire performance of the foam has been utilised by using it in diverse 
applications such as fire doors, highly fire resistant panels and as an insulation 
material in surface ships. Phenolic has a strong structural integrity in addition to a 
very low smoke density. Figure 2.15 shows a fire simulation test carried out by 
Hexion Ltd [3]. 
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Figure 2.15 A comparison of fire performance of number of foams after (A) ignition 
and (B)10min [3] 
 
 
In addition phenolic foams are resistant to moisture which makes them last longer, 
have a combination of structural strength with low density thus saving living space 
and most importantly phenolic foams have a very low thermal conductivity 
0.018W/m.K [24].  This means that it can help in reducing CO2 emissions as well as 
reducing energy costs. 
 
 
2.4 Waste management in the construction industry 
 
Project management in the construction industry is not only about managing the 
delivery of materials to the construction site and making sure that the project is 
delivered within the constraints of time, cost and quality [28]. Project management 
also includes a significant aspect which is waste management. In construction, waste 
materials which have no value may generate some benefits if they were recycled. 
However the majority of waste is sent to landfill which increases the cost for any 
project because companies have to pay for disposal services. The waste generated 
from the construction industry is increasing because of the increasing demand for 
buildings, refurbishment and demolition works. In 1999 the waste from the 
construction industry in the UK accounted for 70 million tonnes [29] and in 2005 
construction waste reached 89.6 million tonnes [30] and in 2006 the level of waste 
reached 100 million tonnes [6]. 
(A) (B) 
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Figure 2.16 Annual amount of waste by sectors in the UK [6] 
 
 
The major waste disposal route in the UK generally is landfill which accounted for 
70% of the waste [31]. Construction industry statistics show that between 2001 and 
2005 landfill use as a disposal route has increased from 26% to 31% [30]. A major 
problem with landfill is pollution in the UK landfill is the major contributor to the 
level of anthropogenic methane which means that landfill has a negative impact on 
climate change [6]. 
According to waste hierarchy other routes such as waste reduction and reusing waste 
material decrease the pressure on landfill and lower the probability of pollution 
(Figure 2.17) [4]. 
 
Figure 2.17 Waste hierarchy [32] 
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Innovative methods and processes to reduce waste in the construction industry may 
yield substantial benefits as they address the crucial problems of the industry “Costs 
of disposing of construction and demolition waste to landfill can be minimised 
through more efficient construction and by greater and more innovative reuse and 
recycling of materials” [33]. 
 
It is apparent that landfill is not a good option for waste disposal and new regulations 
are being created to reduce its use. For example in the UK it is expected that by the 
year 2010 the landfill tax will reach £35 per tonne [34] which pressurizes companies 
to use other disposal methods such as recycling or reuse. In the UK the largest 
amount of waste in general comes from demolition and construction activities which 
accounts for 32% of the total (Figure 2.16) [6]. 
 
 
2.4.1 Polymeric foams waste 
 
The major usage of polymeric foams in the construction industry is as an insulator in 
structural insulation panels (SIPs). SIPs are usually light in weight thus they can be 
easily constructed and erected. These panels are used to build walls, roofs and floors 
and usually they come in large sizes. In order to reach the required architectural 
design a lot of cutting and trimming is performed on the SIPs consequently 
generating a huge amount of scrapped foams with no value (Figure 2.18). The 
scrapped foam is not just generated from the trimming work performed on the new 
SIPs. Other rejuvenating work on some buildings can generate scrap [8]. 
 
 
Figure 2.18 A trimmed piece of SIP [8] 
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The choice of waste management routes for scrapped foams will depend on many 
factors such as the consistency cleanliness and volume of the waste. In addition 
collection and logistic issues are one of the major determinants of the disposal 
technology [9]. Also other consideration should be taken into account such as 
national regulations. The conventional way of disposing of scrapped foams is 
through landfill. The scrapped foam is collected from the site and sent to special 
treatment plants to compress the panels into bricks which are highly toxic and 
combustible. Finally these bricks are sent to landfill which are usually outside the 
UK because of cost issues which makes it cheaper to send the waste to landfill 
outside the UK probably in places such as Eastern Europe. Other methods used to 
dispose scrapped foams are incineration to generate energy but the fact that the 
energy gained may be low makes it uneconomical to use such methods [35]. 
 
It is obvious that conventional methods for managing scrapped polymeric foams are 
uneconomical and place a huge burden on panels’ manufacturers where the estimated 
cost of disposal is £20 million per annum. The cost of collection, transportation, 
treatment, landfill fees, taxations and complying with regulations contributes to the 
cost of disposing scrapped foams has created an overburden for many companies 
within the construction industry. 
 
In construction, products such as structural insulation panels (SIP) are widely used as 
a building product because of advantages, such as ease of fabrication and good 
thermal conductivity. These panels are large in size and they are cut to size on site. 
Rigid foams are energy efficient materials throughout their service life. When 
salvaged from the demolition of buildings, insulation foams are usually expected to 
have served more than 50 years and during this service life, the foams will have 
saved at least 100 times more energy than the fossil fuel used to produce them in the 
first instance. It seems logical therefore to optimise the efficiency of these materials 
by using the foams for energy recovery by incineration. Energy recovery is also a 
recommendable option in the campaign for the reduction of CFC emission. The 
composition of rigid foams obtained from building demolition is usually unknown 
and, as these foams often contain CFCs (used in past production processes as 
blowing agent), it is recommended that the foam should not be compacted, but 
transported to the nearest suitable municipal solid waste incinerator. The transport 
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emissions of waste trucks should be considered a significant factor when choosing 
the appropriate waste management facility. Importance of its transportation has been 
highlighted in Figure 2.19. The polyurethanes industry has, as any other supplier of 
insulate materials, an interest in managing its post-consumer waste in the proximity 
of the demolition site [36]. Thus if the company had a recycling process on-site it 
would save an enormous sum of money on the transportation and disposing process. 
 
 
Figure 2.19 SIPs waste generated from refurbishment work 
 
 
In following sections recycling routes introduced in the polymeric foam industry 
have been reviewed.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Scrapped foam from 
few hours of work 
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2.5 Waste recycling routes for polymeric foams 
 
The figure below illustrates the various recycling routes available for polymeric 
foams.  
 
 
Figure 2.20 An overview of typical recycling/recovery options [37] 
 
 
 
 
 
 
 
 
Polymeric Foams 
                                                                                                            1 
 
33
2.5.1 Repair and re-use 
 
In this method of recycling long-life products, such as building panels can be re-used 
as particular materials for their original foundation. Other kind of products can be 
refurbished such as upholstered furnitures. Details of these methods have been 
highlighted in following parts.  
 
2.5.1.1 Re-use of particles 
 
Particles from PU rigid foam thermal insulation can be used as oil binders or in 
combination with cement as insulating mortar [38]. 
 
Oil binder 
PU powder and larger particles obtained from cutting and shaping of rigid foam for 
building & construction applications in the factory are known to be excellent 
absorbers of oil or, more generally, many kinds of liquids that have been accidentally 
spilled. They have been marketed since years as "oil binders" in several forms, such 
as: 
• Loose powder and/or small particles in sacks for the treatment of spillages on land 
• Low density pressboards for the same purpose (not as easily blown away by wind) 
• Loose powder and/or small particles in houses for the containment of spillages on 
water surfaces 
Specific advantages are: 
• Higher absorption capacity than saw dust and sand 
• Much lower weight / lower disposal cost than sand 
In recent years, this application has been used for powders and particles derived from 
the PU insulation of end-of-life refrigerators and freezers, too. 
 
Insulating mortar 
A combination of rigid foam particles (up to about 1cm diameter) - generally 
production scrap from building and construction applications - and powder -often 
from post consumer refrigerators and freezers - is suitable as the main raw material 
(more than 90%) for insulating "mortar" [38]. (The remainder can be cement as 
binder and other proprietary ingredients). It is shipped to the construction site in 
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sacks similar to the cement itself. It is there mixed with water and spread on the floor 
with equipment normally used for inorganic mortars. This approach is currently used 
for the following applications: 
• THERMOGRAN® FLOOR (Figure 2.21): polyurethane mortar for thermal 
insulation and levelling of floors (Lambda = 0.06 W/mK)  
 
 
Figure 2.21 Floor heating of THERMOGRAN using water heated plastic pipes [38] 
 
• THERMOGRAN® ROOF: polyurethane mortar for thermal insulation and 
downward gradient of roofs (Lambda = 0.06 W/mK) – mainly in The Netherlands 
• THERMOGRAN® ACOUSTIC: polyurethane mortar for thermo-acoustic 
insulation and levelling of floors (Lambda = 0.04 W/mK; DLn = 32 dB) 
 
In this research using adhesives for bonding such as materials used in low cost 
ceramic composite has been investigated. Detail of these materials is explained in 
section 2.6.  
 
2.5.1.2 Adhesive pressing and particle bonding 
 
A fast growing technology is “particle bonding” [39]. It uses a high proportion of 
waste material in the recycled product - in many cases approximately 90%. 
Recycling by particle bonding can be applied to flexible foam as well as other 
polyurethanes like rigid foam and, in fact, particles of any material. It is then often 
called “adhesive pressing” or “particle composite processing”. The adhesive pressing 
recycling route, not dissimilar to the chipboard process, is not only applicable to 
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polyurethanes, like rigid foams or elastomeric materials, but has also proven to be 
applicable to other post-consumer waste such as waste fibres, paper and scrap rubber. 
The key to adhesive pressing is the binder, polymeric diphenyl methane diisocyanate 
(PMDI), one of the major polyurethane raw materials, applied at the 10 weight % 
level. Particle composite processing is making use of dedicated polyurethane systems 
at the addition level range from about 30% to approximately 70% by weight. It is 
thereby “closing the gap” between filler technologies (see separate fact sheet called 
“Powdering”) and the adhesive pressing process. A schematic of adhesive pressing 
and particle bonding process has been shown in Figure 2.22. This process includes 
following steps: 
 
Figure 2.22 A schematic of adhesive bonding process [39] 
 
 
1- The polymeric foam parts are granulated, moisture being controlled 
2- The granulate is blended with 5 - 10% polymeric MDI in the case of adhesive 
pressing or with 30 - 70% polyurethane system in the case of particle composite 
processing 
3- This material is formed into boards or mouldings at potentially elevated 
temperature (up to 200°C) and under pressure (20 - 200 bars) 
4- The boards or moulded parts are finished by sawing and sanding or by applying 
additional facings 
 
Boards made from automotive parts can have a range of properties. Those made from 
flexible integral skin parts form rubber-like mats, while RIM parts form elastic 
boards and headliners can be used to make stiff, self-supporting boards. Boards made 
Polyurethane Parts 
Addition of binder (PMDI) 
Pressing (Particle Board Technology) 
Finishing of Moulded Part/Board 
Granulating 
                                                                                                            1 
 
36
from rigid polyurethane scrap have excellent mechanical properties and 
extraordinary moisture resistance. Typically property ranges are: 
• bending strength 10 to 20 N/mm2 
• Internal bond 0.5 to 2 N/mm2 
• Density 300 to 900 kg/m3 
• Thickness swells, 24 hours in water at 20°C, about 1% 
 
Re-use of polyurethane reclaimed from automotive applications 
The capacities for rebonded parts made from polyurethane or other wastes are 
growing fast. Rebonded boards are expected to be particularly suitable for 
applications such as sound-proofing in the restoration of old buildings or car interior. 
 
Polyurethane reclaimed from rigid foam blocks and panels 
The boards now occupy a niche in the building and furniture industries’ board 
market. They are particularly in demand. 
• For furniture in kitchens and in sailing boats, because they are virtually unaffected 
by water. 
• For flooring such as gymnasiums, which needs to have elasticity (Figure 2.23). 
 
Figure 2.23 Floor heating panel containing recycled polyurethane produced by 
adhesive pressing [40] 
 
Although this technology has been developed for polyurethanes, its ability to 
accommodate a wide range of wastes has helped to support its commercial viability. 
An additional driving force to use this technology is the desire of some companies to 
use parts with a high content of recycled materials. Current processing capacities 
exceed 10,000 tonnes per annum. 
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2.5.2 Mechanical recycling 
 
2.5.2.1 Densification/Grinding 
 
Polyurethanes are extremely versatile materials with applications as diverse as low 
density flexible foams providing comfort, low density rigid foams for insulation 
purposes and compact integral skin materials for car bumpers. After an expected 
lifetime of more than 10 years, these polyurethanes can be recycled in various ways. 
Regardless of the recycling technology employed, two factors play a key role in 
determining the technical and commercial feasibility of recycling polyurethane 
materials: 
 
a) Densification of low density, voluminous polyurethane foams, allowing for energy 
and cost-effective transportation from collection point to recycling operation. 
b) Size reduction of polyurethane articles (mattresses, car-seats or insulation panels) 
making them suitable for treatment in the chosen recovery process, which may vary 
from mechanical recycling to chemolysis or energy recovery.  
 
A range of grinding techniques has been developed for various polyurethane 
materials [41]. The required particle size may vary from particles less than 200 
micron for re-use as filler, to larger pieces for feeding into a chemolysis or 
incineration unit. 
 
Densification 
A significant share of polyurethane materials are used in low density foams 
(typically 20 to 60 kg/m3). These low densities offer many advantages during the 
useful lifetime of these products (weight/energy/material savings, cost effectiveness). 
In those cases, however, where transport of waste polyurethane materials from a 
collection point to a recycling plant is required, the foams need to be compacted in 
order to minimize transportation energy and therefore be a cost-efficient process. 
Two key methods for compacting polyurethane foams are being practiced (Table 
2.1): 
• Baling, for flexible foams and 
• Briquetting, for rigid foams. 
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In addition, the various grinding methods can also be considered as compacting 
technologies for polyurethane foams (Table 2.2).  
 
Table 2.2 Various grinding methods [41] 
 
 
The different methods of compacting are adapted to the different physical nature of 
the polymers. Rigid foams have a closed cell structure with rigid cell walls which are 
irreversibly crushed during compacting. This results in briquettes or a powder which 
then may be compressed to pellets or briquettes in order to ease further handling. In 
the case of flexible foams, the polymer is of a resilient nature which requires the 
compacted material to be baled in order to prevent it from expanding again. 
 
Briquetting 
Densification of rigid foams will cause cell gases to be released. Depending on the 
nature of these cell gases and the need for their recovery, it may be necessary to carry 
out the densification process in equipment designed to collect these gases, for 
subsequent appropriate posttreatment. Typical equipment used for this purpose 
consists of a shredder, followed by a high pressure extruder or a pellet mill. 
Application of heat ensures that the gases are also removed from the polymer which 
forms the cellular matrix. The entire system is encapsulated and operated under 
negative pressure to prevent leakage.Where there is the possibility of inflammable 
gases or fine particles being released, the equipment and process conditions should 
be designed to eliminate the risk of fire or explosion. 
 
Baling 
Densification of polyurethane flexible foams is carried out using a baling process. A 
typical cycle is as follows: 
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• loading of press 
• pre-pressing (until the final length and width of the bale are reached) 
• final pressing (until the final height is reached) 
• binding of the bale (manual or automatic) 
Transport density reached with such equipment is in the range of 100 - 400 kg/m3 (10 
to 2.5 m3 /ton). 
 
Grinding 
Technologies for size-reduction of polymeric foams have been developed and are 
summarised in Table 2.3 below [42, 43]. 
 
Table 2.3 Methods for size-reduction of polymeric foams [41] 
Foam Type Particle Size 
(mm) 
Technology Supplier Status 
<0.3 Precision Knife 
Cutting 
Pallmann Prototype 
<0.3 Pellet Mill Kahl Commercial 
Rigid Foam 
<0.3 Ball Mill Tecaro Prototype 
Pallmann 
Herbold 
Alpine 
<0.3 Precision Knife 
Cutting 
Condux 
Commercial 
<0.3 Pellet Mill Kahl Prototype 
<0.2 Solid sState 
Shear Extruder 
Berstorlf Developmental 
<0.2 Cryogenic 
Grinding 
Pallmann Prototype 
<0.2 High Shear 
Mixing 
Silverson Developmental 
<0.1 Two Roll Mill Hennecke Commercial 
Flexible foam 
<0.1 Two Roll Mill Mobius Techn 
Inc. 
Commercial 
PRIM <0.2 Impact Disc 
Mill 
Pallman Prototype 
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Precision knife cutting 
For powdering flexible or rigid foams to particle sizes less than 0.25 mm, special 
types of knife cutters can be used. These so-called precision knife cutters are 
characterised by a large number of static and rotating knives (Figure 2.24). The 
special sieves used in this type of equipment are designed in such a way that 
additional powdering is achieved [43]. 
 
 
Figure 2.24 Multi-knife rotors are used in precision knife cutters [41] 
 
 
Two-roll mill 
The two-roll mill consists of at least one pair of rollers, rotating in opposite 
directions at different velocities. The resulting shear forces in the very narrow gap 
between the two rolls convert the polyurethane foam into a fine powder with typical 
particle sizes less than 0.1 mm. 
Machinery integrating the two-roll mill into the flexible slabstock process was 
developed by Hennecke for the purpose of feeding the reground powder from 
production cuttings directly back into the manufacture of flexible slabstock foam 
(Figure 2.24). Flakes are ground into powder by the two-roll mill, sieved and stored 
in a silo. Then, the powder is transported via a feed screw and blended in a pre-mixer 
with polyol. The premix is then transported to the mixing head, where it is reacted 
with isocyanate and then poured to make flexible slabstock foam. Hennecke claims 
successful usage of up to 30% regrinds in the process [43]. 
 
                                                                                                            1 
 
41
 
Figure 2.25 A schematic of Two-roll mill size reduction [41] 
 
 
Pellet-Mill 
The pellet-mill consists of two or more metal rollers, which press the polyurethane 
foam through a metal plate with small holes (die). Depending on type of foam and 
processing conditions, the output of the mill consists either of fine polyurethane 
powder or of compact pellets [43]. 
These are suitable for transport or for feeding into an incineration unit. During the 
operation of the mill, the polyurethane material is subjected to heat in the process, 
dependent on rollers speed, die thickness, and diameter of the holes. 
 
 
Impact disc mill 
Grinding of RIM or RRIM materials is done typically in a two step process. 
Materials are first granulated in a knife mill to a particle size of ca. 3 mm and then in 
a second step powdered in an impact disc mill [41]. This typically gives a powder 
containing a fraction of 40% with a particle size of less than 200 micron. This 
material can be separated by sieving. The larger granules can be fed into the grinding 
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operation again or used for other applications. This process has been illustrated in 
Figure 2.26. 
 
Figure 2.26 A schematic of impact disc mill [41] 
 
 
Cryogenic grinding 
Because of the resilient / elastic nature of flexible polyurethane foams, the grinding 
of these materials to small particle sizes is difficult, in particular when the material is 
heated up during the grinding operation. By cooling these materials to well below the 
embrittlement temperature, such as liquid nitrogen, the grinding process can be made 
much more efficient. 
 
Extruder 
A process for grinding various polyurethane foams (from rigids to flexibles) to fine 
powders was developed using solid state shear extrusion. The method operates at 
moderate temperatures (20 - 100°C). Particle sizes that can be obtained depend on 
the type of polyurethane foam; for rigid foam, particle sizes less than 0.032 mm were 
reported, for flexible foam a particle size less than 0.17 mm was obtained [43]. 
 
The correct choice of equipment may depend on many factors and should be 
performed in close consultation with equipment manufacturers. Depending on the 
article to be ground, precautions might be required to prevent damage to the 
equipment by.  
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2.5.2.2 Re-bonded flexible foam 
 
Bonded foam, or re-bond, is a moulded polyurethane product made from pieces of 
shredded flexible polyurethane foam, held together with a binder [44]. Its relative 
high density and excellent resilience make it suitable for applications including 
vibration sound dampening, flooring, sport mats, cushioning, packaging and carpet 
underlay. In fact, re-bond has been in use for decades. Up to 50 000 tonnes of re-
bonded foam are processed each year in Western Europe and new applications are 
constantly being developed. Typical bonded foam equipment using continuous 
moulding process has been shown in Figure 2.27. 
 
 
Figure 2.27 Typical bonded polymeric foam equipment using continuous moulding 
process [45] 
 
 
Bonded foam properties can be varied over a wide range by careful selection of base 
material, particle size, compression ratio, type and quantity of the binder [46]. As a 
consequence, re-bonded flexible foam is gaining acceptance in applications which so 
far could not be satisfied by virgin foam material. The process as described in Figure 
2.28 includes:  
 
• Foam collection and sorting 
• Shredding 
• Coating with adhesive binder 
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• Compression to desired density and shape 
• Activation of adhesive binder 
• Curing of adhesive binder 
• Converting of re-bonded foam parts 
 
 
Figure 2.28 Typical bonded foam equipment using batch moulding process [45] 
 
Foam pieces from various sources - production trim and post-consumer waste - can 
be suitable for re-bonding, although in practice production trim and cuttings are by 
far the most commonly processed. Granulators and flock-mills are normally used to 
shred the foam into pieces approximately one centimetre in diameter.  
 
There are other technologies available to handle large foam pieces by cutting them 
into very thin strips, which can then be reduced into smaller pieces. Re-bonding of 
polyurethane foam can be carried out through batch or through continuous moulding. 
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The foam blocks are further processed to fabricate parts and articles, resulting in trim 
which in turn can be reused in the process. Re-bonding is also applied in the 
moulding to- final-shape technology which allows processors to optimize material 
use and cost. From a storage hopper, the small foam pieces are fed into a blend tank 
by means of an Archimedean screw. In the tank, the foam is sprayed/mixed with a 
polyurethane binder. Once coated with the binder, the foam is fed into a mould. In 
the batch process, a rectangular or cylindrical mould is used. A piston compresses the 
foam in the mould to the desired density. Steam is then introduced to activate and 
cure the binder. After curing, the mould can be opened; the re-bond removed from it 
and allowed to dry. Where a continuous moulding process is used, the foam binder 
mixture is deposited from the blend tank onto a moving conveyor. Another conveyor 
is positioned above this so that the mixture is compressed as it passes between them. 
Conventional cutting and peeling processes are used to turn the re-bond into finished 
products. Physical properties of re-bonded foams have been listed in Table 2.4. 
 
Table 2.4 Typical physical properties of re-bonded foam [45] 
Density kg/m3 60-300 
Tensile strength kPa 40-150 
Elongation at break % 40-90 
at 10% compression 4-20 
at 25% compression 5-50 
CLD 
hardness 
at 50% compression 15-150 
 
 
The quality of re-bond depends on several factors like: 
• The types and grades of the foams used 
• The particle size and uniformity of the shredded foam pieces 
• The density required of the end product 
• The quality of the binder 
• The binder / foam ratio 
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2.5.2.3 Compression moulding 
 
In the automotive industry particularly, encouraging results have been achieved with 
compression moulding technology, one of the recycling routes for reaction injection 
moulded (RIM) polyurethanes [47]. Recycling initiatives have focused on two areas: 
production trim from polyurethane processing and polyurethanes retrieved from 
scrapped vehicles. Research and development programmes, undertaken together with 
the automotive industry, have examined the potential of compression moulding 
technology for both these types of polyurethane waste [48]. The process has been 
used commercially for BMW in Europe and for Chrysler in the USA (Figure 2.29). 
 
 
Figure 2.29 Compression moulding: air duct for the BMW 8-series made from RIM 
polyurethane waste [48] 
 
 
RIM and reinforced RIM polyurethanes are ground into fine particles and subjected 
to high pressure and heat to generate a material which is ideal for automotive 
applications [47]. The grinding techniques and compression moulding process need 
to be controlled accurately for individual applications (Table 2.5): 
- While there can be a small reduction in elongation or impact resistance, optimum 
timing, pressure and temperature can preserve the valuable properties of the original 
polyurethane. 
- The use of finely ground polyurethane powder in the compression moulding 
process allows for property recovery of up to 100%. 
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Table 2.5 Typical processing parameters [48] 
Grain size (screen size) 0.5 – 3 mm 
Preheating time 1-12 minutes 
Preheating temperature 140-150 °C 
Mould temperature 180-195 °C 
Mould residence time 1-4 minutes 
Specific mould pressure > 350 bar 
 
 
Glycol extended RIM parts, compression moulded at the optimum temperature of 
195°C, have mechanical properties which can actually be superior to those of virgin 
polyurethane material. 
 
• Compression moulded parts are free from internal stresses and display improved 
heat resistance, sag value and torsion modulus compared to the original material. 
• Good flowability of RIM polyurethanes in the compression moulding process 
allows the production of complex shaped products and high quality flat parts. 
• Acceptable energy efficiency can be achieved through short processing cycles. 
• Compression moulded parts contain 100% recycled material. 
• Compression moulding technology is capable of producing high performance 
recycled products from RRIM and RIM polyurethane granules. 
 
Currently, compression moulded parts are no longer produced, mainly because of 
economic reasons [47]. 
 
 
2.5.2.4 Regrind/Powdering 
 
Regrind technology, sometimes also described as powdering, is a process to reuse 
ground polyurethane waste as filler in PU foams or elastomers [49]. It involves two 
steps as described in Figure 2.30: 
1- Grinding polyurethane material into a fine powder 
2- Mixing powder with the polyol component to make new polyurethanes 
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Figure 2.30 Typical regrind process [47] 
 
 
Grinding 
The first step in the regrind process is to reduce polyurethane production trim or 
post-consumer parts into small particles suitable for mixing and reuse. The optimum 
final particle size lies between 50 and 200 microns (0.05 - 0.2 mm), depending on the 
application. There are a number of ways to produce small particles. One option that 
already is operational for grinding flexible foam is the two-roll mill process. It 
consists of two rollers, rotating in opposite directions and at different speeds to create 
shear forces in the very narrow gap between them. Another grinding process, 
successfully used at pilot scale for flexible foams, is the pellet mill. It consists of two 
or more metal rollers, which press the polyurethane foam through a metal plate with 
small holes (die). Other technologies, such the precision knife cutter, are also under 
evaluation for the grinding of flexible foams. A particular process combining cutting 
and mixing involves a high shear mixer installed in the polyol tank. The added 
benefit of this process is the prevention of any thermal degradation of the powder 
during size reduction. Glass filled RIM parts require special grinding methods. The 
impact disc mill appears to be suitable as technique for pulverising such very tough 
parts. 
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Mixing 
At pilot scale, the high shear mixer appears to be suitable to provide the right mixing 
quality. The step to operational activity however, requires adequate metering of the 
powder alongside the polyol. The metering unit of the entire PU machine needs to be 
suitable for the handling of filled polyols. Such technologies do exist. These were 
developed when glass filled RIM was first introduced into the market or when 
melamine powder was introduced into the flexible foam industry. The moisture 
content of the powder is critical and drying of the powder could be necessary before 
mixing. 
 
Regrind in flexible foams 
Polyurethane foam in automotive seating has been successfully recycled using 
regrind technology [50]. In laboratory tests, new moulded foam seats have been 
made containing between 15 and 20% recycled material and exhibiting excellent 
processing characteristics. Depending on foam type and filler loading, physical 
properties may be affected requiring an adjustment of material specifications. This 
has been shown in Table 2.6. The investment cost of the first generation equipment 
has limited the operational potential of this technology to slabstock. Current 
development is directed to provide economic technologies to smaller operations. 
 
Table 2.6 The effects of 15 % regrind on the properties of moulded MDI foam [47] 
Cold cure MDI foam Standard seat Recycled seat 
Part weight (g) 1320 1320 
Powder content (%) - 15 
Indentation hardness (N) 360 360 
Compression set (50%) % 5.6 7.0 
Tensile strength (kPa) 152 144 
Elongation (%) 132 103 
 
Regrind in RIM parts 
Painted polyurethane RIM parts are used by the automotive industry for highly 
visible vehicle parts, such as high-gloss, painted fascias, which require an excellent 
surface quality as the part showing in Figure 2.31 [51]. These product quality 
requirements, when combined with the complication of using a recycled material 
made from painted parts, represented a real challenge (Table 2.7). The problem has 
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been solved by a ''three stream process'', in which the polyol stream is split into two: 
one containing the RIM regrinds and base polyols and the other containing the amine 
chain extender, other auxiliaries and glass filler. The diisocyanate stream remains 
unchanged. 
 
Figure 2.31 Example of RRIM part containing 20% regrind [52] 
 
To achieve the optimum particle size of no more than 200 microns (0.2 mm) for this 
application, an initial granulation step is required before pulverisation. Mixing the 
powder directly with the polyol component of the amine-extended RIM systems 
widely used by the industry can cause negative interactions between the filler and 
certain formulation components. It has now been demonstrated that recyclate powder 
made from painted RIM parts can be recycled back into the same products, at levels 
of around 15%, while still meeting the specifications of the automotive industry [53]. 
 
Table 2.7 The effects of 10 % regrind on the properties of glass filled RIM [47] 
Proportion of regrind Property 
0% weight 10% weight 
Density (g/cm3) 1.18 1.20 
Hardness, Shore D 59 63 
Flexural modulus (N/mm2) 900 836 
Elongation at break (%) 160 133 
Tensile strength (N/mm2) 28 24.6 
 
Regrind technologies make it possible to recycle a variety of polyurethanes, taking 
advantage of the characteristics of the two reactive components of the polyurethane 
process. Both production trim and post-consumer materials can be recycled back into 
their original applications substituting some of the virgin materials, while 
maintaining high standards of product performance. 
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2.5.3 Chemical recycling  
 
Several types of chemolysis processes have been developed for different foam types. 
Single phase glycolysis is currently applied industrially [51, 54]. In case of flexible 
foams, it yields polyols which can replace up to 90% of the virgin polyols in semi-
rigid foams, thus bringing the recycled content of "old" foam in the "new" foam to 
30%. Similar recycled contents have been reported for rigid foams. Other options in 
development offer the potential to further enhance recycled content in polyurethanes 
without compromising product properties [55].  
 
 
2.5.3.1 Chemolysis 
 
Chemolysis is true depolymerisation applicable to the recycling of polyurethanes and 
other polyaddition materials as well as to condensation polymers such as polyesters 
(PET as an example) and polyamides (nylons an example). In this type of treatment, 
the molecules are broken down into smaller building blocks, which may then be 
reassembled into polymers suitable for use in quality applications similar to those for 
which the original components were employed (Figure 2.32) [56]. Because it delivers 
high-grade products that largely retain their original properties and functionality, 
chemolysis offers an attractive alternative to mechanical recycling and the recovery 
of petrochemical feedstocks or energy. 
 
 
Figure 2.32 A schematic of chemolysis procedure [57] 
 
 
Hydrolysis Glycolysis Aminolysis 
Treatment as required: deamination, 
separation, purification, propoxylation 
Recyclate(s): 
regenerated polyol(s) 
Re-utilisation 
In specific polyurethane applications 
                                                                                                            1 
 
52
For chemolysis of foams, it is preferable to process feedstock of known composition 
in order to obtain consistent and predictable regenerated products. Water 
(hydrolysis), glycols (glycolysis) and amines (aminolysis) typically serve as reagents 
to break the urethane bonds. The resulting liquid can be used as such, or the 
individual components separated. In some cases, new chemicals may result, so a 
product registration/notification process could become mandatory before undertaking 
full-scale production. Several options exist for further reprocessing. These may 
involve purification and chemical processing before use in polyurethane applications. 
 
Hydrolysis 
Hydrolysis is a process whereby the foam is reacted with water under pressure at 
elevated temperature. Hydrolysis produces the original polyether polyols together 
with diamines, which are the hydrolysis products of the original diisocyanates. The 
various components are then separated in order to permit their reprocessing and 
reuse. A number of companies have concentrated their efforts on the development of 
hydrolysis processes up to pilot plant scale. 
 
Aminolysis 
Aminolysis means the foam is reacted with amines such as dibutylamine, 
ethanolamine, lactam, or lactam adduct under pressure at elevated temperatures. 
Aminolysis is still at the research stage. 
 
Glycolysis 
Glycolysis means the PU foam is reacted with diols at elevated temperature (200°C) 
with cleavage of covalent bonds. The high molecular weight, cross-linked, solid 
polyurethanes are broken down to lower molecular weight, liquid products [58]. 
Split-phase glycolysis has been developed up to pilot scale for MDI flexible foams. 
The whole concept of glycolysis has been shown in Figure 2.33. The glycolysis 
product separates into two phases: 
• The top layer is a flexible foam polyol which after purification can be used alone to 
make the same flexible foam again 
• The bottom layer, after post treatment with propylene oxide, can be converted into 
a high quality rigid foam polyol. 
                                                                                                            1 
 
53
Various polyurethane processors around Europe are evaluating glycolysis 
technologies either on a pilot or a commercial scale and the today technology allows 
to regenerate safe polyols. Glycolysis is more appropriate for recycling production 
waste than post consumer waste. 
 
 
Figure 2.33 Glycolysis Concept [57] 
 
 
 
2.5.4 Feedstock recycling 
 
Feedstock Recycling covers a range of chemical processes by which plastics can be 
broken down to basic hydrocarbon units or constituent monomers which can then be 
used again as raw materials in chemical or petrochemical processes. A range of 
technologies is available [59]. Often termed “chemolysis”, depolymerisation can be 
applied when pure streams of particular polymers are available. Polyesters, 
polyamides, and polyurethanes can all be broken down to their original building 
blocks, which can then be repolymerised into the original plastics. In reality, 
polyurethanes waste materials are more often found in mixed waste streams. So other 
feedstock recycling processes have been developed to recover oil and gas products 
from these mixed plastics wastes, of which polyurethanes materials could be one 
                                                                                                            1 
 
54
constituent [60]. In Figure 2.34 possible chemical products manufactured by this 
technique are represented.  
 
 
Figure 2.34 Possible chemical products obtained through feedstock recycling [60] 
 
 
 
2.5.4.1 Petrochemical products from pyrolysis 
 
In a pyrolysis process, the mixed plastics are heated in an inert atmosphere and the 
molecules broken down into liquid and gaseous hydrocarbons. Pyrolysis, in this 
context, is a feed preparation step. The products would be further processed in a 
range of petrochemical processes to obtain a variety of different products [61]. 
 
 
2.5.4.2 Syngas production through gasification 
 
Of all the feedstock recycling processes, the gasification process is likely to prove 
the one of most interest for polyurethanes materials [62]. In a two stage process, 
mixed plastics are heated and then combined with air or oxygen. A synthesis gas, 
consisting of carbon monoxide and hydrogen, is produced. This gaseous product can 
be used in a wide range of refinery processes as well as in production of methanol, 
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ammonia, and oxo-alcohols. In trials, with polyurethanes materials forming a small 
part of the mixed plastics waste feed, the nitrogen inherent in polyurethanes has 
proved beneficial in the acid gas neutralisation process and thus improved the 
economics of the process. An example of this process has been shown in Figure 2.35.  
 
Figure 2.35 Schematic of the SVZ plant, Schwarze Pumpe, Germany [60] 
 
 
Plastic waste and other streams like sewage sludge, wood, coal and residual 
municipal waste is pretreated by size reduction, inert removal and compaction into a 
pellet, which has good physical characteristics for feeding and sufficient thermal 
stability. All input streams are fed into the top of the gasifiers as shown in Figure 
2.36. The inert residues have a very high stability and do not allow leaking of heavy 
metals at even long time exposure. A significant amount of shredder residue from 
automotive sector and white goods. Refrigerators, freezers are used for the 
production of methanol. This chemical recycling route is very flexible accepting 
many types of different feedstocks and also robust and reliable. The integrated unit 
includes an additional gasification for small dust like particles which are removed 
from the gas. This step increases the overall efficiency of the gasifier, which 
produces all necessary steam and electricity for operation through the use of waste 
gases. 
                                                                                                            1 
 
56
 
Figure 2.36 Schematic of the SVZ fixed bed pressure gasifier [60] 
 
 
2.5.4.3 Syncrude production by hydrogenation 
 
The plastics are treated with hydrogen under high temperature and pressure 
conditions causing the cracking of the polymer chains to liquid and gaseous 
hydrocarbons. These products can again be used in refineries and chemical plants. 
This process has been used in the past to upgrade refinery waste products and is now 
being applied to mixed plastics waste from the packaging waste stream in Germany. 
It is being trialled for non–packaging waste streams. 
 
 
2.5.4.4 The steel industry - a new solution 
 
The most recently developed option has been spearheaded by the Bremer Steelworks 
in Germany, using mixed packaging plastics collected in Germany (Figure 2.37) 
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[63]. In the past, heavy oil or coal dust has been used as a reducing agent in the blast 
furnace for converting the iron ore to metallic iron. Now up to 30% of these 
materials can be replaced by mixed plastics, which are injected into the furnace. At 
temperatures in excess of 2000°C, the plastics are broken down into mainly carbon 
monoxide and hydrogen. These capture the oxygen from the iron ore, producing 
carbon dioxide, steam and pig iron. Other blast furnace operators are now showing 
an interest in a range of mixed plastics waste streams, and it is likely this option will 
provide a large volume solution for much of the waste which will become available 
in the near future. 
 
 
Figure 2.37 Plastics as reducing agent in the blast furnace process [60] 
 
 
Many of the developing feedstock recycling technologies are uneconomic at present. 
Under these conditions, mixed plastics waste, of which polyurethanes can be one 
component, will be sent for feedstock recycling where legislation prevents cheap 
disposal, the other recovery options are neither technically possible nor economically 
viable. As the technology matures and competition increases, gate fees will gradually 
fall and there may even come a point where the waste streams have a value. 
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Feedstock recycling offers an alternative materials recycling option for mixed 
plastics waste which cannot otherwise be mechanically recovered due to technical or 
economic considerations. Polyurethane materials in a mixed plastics waste stream 
can be successfully incorporated into many of the existing feedstock technologies. 
 
 
2.5.5 Energy recovery 
 
Incineration with energy recovery has an important role to play, viewed within the 
context of the growing range of recycling and re-uses options for plastics, including 
polyurethanes. With 86% of the world's oil, coal and gas being burnt for energy, 
there is a strong case for partial substitution of the energy resources with waste 
plastics (Figure 2.38) [64]. Where it is identified as the most appropriate waste 
management option, modern technology can now ensure that the emissions from 
waste combustion plants are safely managed. 
 
Figure 2.38 Oil usage in West Europe [64] 
 
 
As Figure 2.38 shows plastics account for four percent of Europe's annual 
consumption of natural fossil fuel - oil + gas. They are, in fact, fossil fuels in another 
form, sometimes referred to as 'white oil'. It seems entirely logical that they should 
become an energy source once their useful life is over. Polyurethanes have a 
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recoverable energy value comparable to that of coal and less than that of fuel oil 
(Figure 2.39). 
 
Figure 2.39 Heat content of various combustible materials [64] 
 
Incineration is a common, vital, safe and environmentally friendly industrial process, 
not only in power generation. Other processes involving incineration of organic 
materials and, in some cases, polyurethanes include: 
• The use of fossil fuels to power domestic heating systems and vehicle engines 
• Cement kilns 
• Municipal solid waste incinerators (MSW), with energy recovery 
• Special waste incinerators (mono-combustion) 
 
Recycling of mixed plastics waste in metallurgical applications, previously 
catalogued under energy recovery, is now more considered to be a feedstock 
recycling option using the plastics’ carbon and hydrogen content as a reducing agent 
for the iron ore [63]. 
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2.5.5.1 Incineration with energy recovery 
 
Polyurethanes can be incinerated safely. Incineration in municipal solid waste 
(MSW) or other state-of-the-art combustors is, therefore, a viable treatment where 
other options for recovery and recycling have no environmental benefits or are 
ecologically or economically more costly [36]. The plastics content of MSW helps to 
incinerate other components in the MSW without the need for additional fuel. Trials 
with an addition of 2% by weight of polyurethanes (which can be more than 30% by 
volume) have been carried out with flexible and rigid polyurethane foam waste with 
very good results. An additional advantage is that the incineration process reduces 
the polyurethane foam waste to 1% or less of its original volume which strongly 
reduces the need for landfill. Both current and future emissions standards can also be 
met when polyurethanes are burnt using other combustion techniques and these are 
becoming available for commercial applications in co-combustion processes: 
 
• In power stations, where polyurethanes are used as co-fuel and substitute for coal 
• As co-fuel for cement kilns 
• As co-fuel for industrial boilers 
 
An added advantage of incinerating polyurethanes to recover energy is that the 
polyurethanes replace primary fossil fuels and thus contribute to energy 
conservation. Carbon dioxide emissions are hence reduced and in many cases lower 
emissions of SOx or NOx have been demonstrated. As for other plastics materials, 
there remain limits concerning the chlorine content in the waste burnt in most of 
these processes. 
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2.6 Low cost ceramic composites 
 
Fibre reinforced ceramic composites such as fibre reinforced silicate matrix 
composites are new materials with designable mechanical properties and inherently 
good fire performance. For metal silicate based ceramic composites there is not much 
information available presently, although silicates have been used as binders for 
many years, long before the age of industrial manufacture at the turn of this century. 
Most ceramic research has concentrated on high performance or advanced ceramic 
composites, especially on the manufacture and toughening mechanisms. There has 
been little systematic research reported on silicate matrix composites. 
 
Ceramic matrix composites include a great variety of materials. Typically, a matrix 
(polycrystalline ceramic or glass) can be modified by the addition of particles, flakes, 
whiskers, fibres or even voids. Advanced ceramic composites can be produced in 
several ways such as chemical infiltration, tape casting, fibre/slurry impregnation, 
hot press moulding, injection moulding and so on. One of the relatively efficient 
methods for producing high performance fibre/ceramic composite (for instance Al-
Si-B-O/Al-Si-O-C, Sic/Sic/Al2O3, SiC/Al2O3, SiC/Cr, SiN, SiCw-Al2O3) is tape 
casting/impregnation with continuous fire systems (Figure 2.40) [65]. 
 
 
Figure 2.40 Flow chart of high performance ceramic composites manufacturing 
process: tape casting [65] 
  
 
In the process, the tapes are cast from formulated slurry consisting of a liquid, a 
ceramic powder, an organic polymer, a plaster, or a dispenser. Laminates of a wide 
variety of architecture and compositional ranges have been produced by stacking the 
individual layers and then consolidating them [66]. The great flexibility in designing 
and tailoring these multi-component systems permits control and enhancement of 
many significant properties. The principle that underpins ceramic composites is that 
by introducing a second phase in a ceramic matrix, a different failure mechanism can 
Raw 
Material
s 
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be trigged that prevents catastrophic failure (or improves other special functionality 
such as fire or thermal performance). The intrinsic high stiffness, high hardness, 
chemical inertia and fire resistance of ceramics are derived from the strength of their 
chemical bonding [67]. This bonding permits little or no movement of dislocations, 
even at modest temperatures, and leads ultimately to brittleness. Because a 
distribution of flaw sizes is evident in real materials, ceramics exhibit a distribution 
of strength values. From a design engineer's perspective, ceramics are unreliable 
[68]. Pure glass/ceramics are very brittle materials, although they still could be 
toughened by some limited methods such as increasing fracture surface area, 
changing the fracture mode (for instance mode I to mode II or III), and mechanical 
interlocking. However, there are many limitations on the actual use of these 
toughening techniques [69]. 
Producing a rough fracture surface is most readily achieved in ceramic composites 
by: the interaction of tough second-phase particles which hinder crack propagation; 
weak interfaces in certain materials (fibres and whiskers) which deflect cracks; 
residual stresses at second phases which affect crack propagation; micro cracking 
leading to crack branching and deflection; and elastic mismatches between phases 
leading to induced stresses and crack deflection. The concept of "a process zone" can 
be applied to the vicinity of a crack tip where such processes occur. Removing 
energy from the advancing crack depends on the volume fraction of transformable 
particles, fibres and number of micro crack nuclei. For fibre reinforced ceramics, 
toughness also relies on the level of fibre bonding, the spacing of critical flaws on 
fibres, fibre bridging and pull out length, and features of ductile fillers in the overall 
composites. 
A very effective technique for dissipating energy during fracture of a ceramic 
composite is through whisker or fibre pullout. Extracting a fibre from a matrix in a 
composite against frictional stresses can absorb large amounts of energy, since quite 
large areas are involved (for example the fibre lateral area). However, the 
manufacturing methods are very complicated and extremely expensive (high 
temperature sintering) for these advanced ceramic composites. The large amount of 
energy consumption by ceramics such as Al2O3 is illustrated in Figure 2.41. 
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Figure 2.41 Temperature profile versus time for ceramic sintering processes. The 
high temperature maintenance in furnace for longer duration consumed large amount 
of energy for different stages of phase changes [70] 
 
 
In comparison, liquid silicate ceramics can be thermally and chemically 
cured/hardened at relatively low temperatures, and produce reasonable mechanical 
properties with low energy consumption and these results in a low cost. The 
composites formed with low cost glass fibre or carbon fibre has presented all the 
features of brittle ceramic matrix composites. 
 
 
2.6.1 Ceramic composite used for fire protection and 
insulation 
 
Ceramic composites have been widely used in fire protection and heat insulation in 
aerospace industry since the early 60s [71]. One complicated application has been the 
space shuttle thermal protection system. Although some other polymer composites 
such as phenolic composites have been used in the orbiter's rockets, these were not 
economical for the development of NASA's space shuttle orbiters since the polymer 
insulation layer would be burned off during re-entry. The surface temperature when 
the space shuttle re-enters the atmosphere being as high as 1260 °C. The raw 
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materials for reusable insulation tiles were mainly composed of 99% pure silica fibre 
derived from high quality sand. They were light weight with a very low coefficient of 
thermal expansion, and high temperature stability. They were selected for making a 
small block of tile which could be heated to as high as 2268 °C. These surface layers 
for the space shuttle have to be made through extremely complicated manufacturing 
processes. The two most famous insulation systems used in the space shuttle were 
LI-900LI-1200 and FRCI-12 containing mainly silica fibre and SiC particles or 
fibres. The manufacturing processes started with making a billet from slurry; 
followed by removal of entrapped air bubbles by vibration. The billet was 
compressed to the final cast size. After the billets were dried, the peak sintering 
temperature was 1327 °C, which maintained the silica in an amorphous state. That 
was a very expensive and very complicated manufacturing process. For the space 
shuttle the cost of these materials was acceptable, but for normal civil and industrial 
applications, they are far too expensive both in terms of the raw materials and the 
quality control required. Therefore, for normal industrial and civil applications, an 
affordable ceramic based insulation material is required which can provide a certain 
level of ductility. From an initial investigation, silicate moulding compounds could 
fulfil these tasks and involve a lower cost manufacturing process with relatively good 
insulation properties and desirable mechanical properties. 
 
 
2.6.2 Manufacture of chopped fibre reinforced DMC 
 
Chopped fibre composites are widely used for making many flat and irregular or 
complicated shapes which are difficult to produce from continuous fibre composites 
due to their poor flowability. Although open and closed processes such as DMC are 
less efficient in use of fibres, they have higher output rates and lower costs than 
continuous fibre processes. The chopped fibre composites can also be produced with 
few surface flaws, and with a three-dimensional reinforcement. With a 3-D fibre 
orientation, the mechanical properties of composites in any direction relatel to the 
amount of fibre by volume oriented in that direction. As fibre orientation becomes 
more random, the mechanical properties in any one direction become lower. 
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Polymer DMC is a mixture of a chopped fibre (glass/carbon) and resin (UP 
resin/phenolics/epoxy) with additives and a large quantity of fillers, in the form of 
dough, supplied in bulk form or as an extruded rope for compression (as shown in 
Figure 2.42), transfer or injection moulding. Manufacturing of the moulding 
compound begins with mixing of a fibre-free paste. Batch mixers are ordinarily used 
for this operation to mix a large amount of solid ingredients which are difficult to 
compound.  
 
Figure 2.42 Illustration of general compression moulding outline used for DMC 
composites [72] 
 
 
A high-speed turbine mixer with a saw tooth disc blade is frequently used to make 
the paste itself as shown in Figure 2.43.  
 
 
Figure 2.43 Schematic show of a typical DMC compounding process [73] 
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The thickening agents and catalysts are often added near the end of the mixing to 
reduce their extent of reaction. Afterwards, the paste is transferred to a double arm or 
planetary mixer and chopped glass roving. About 6 ~ 25 mm in length and 20 to 30 
% fibre in volume, are added into the compound. For industrial production, polymer 
DMC is manufactured by feeding the paste premix into a Z-blade mixer, where 
chopped glass is distributed. The resulting 'dough' is either extruded in a sausage like 
shape, or formed into large lumps, or then packed in diffusion tight foil. The DMC 
manufacturing route was used as a possible production method for the ceramic 
moulding composites. The ceramic materials have to be changed in the following 
ways in order to improve their engineering reliability [74]. Firstly, by decreasing the 
sensitivity to flaws; secondly by increase reliability and to realise the potential 
strength of ceramics. 
 
The general concept of this research is to combine the low cost and low temperature 
ceramic compounds with the DMC manufacturing method to produce products with 
optimal mechanical and thermal properties. For mechanical properties, the aim is to 
reach the properties of phenolic/polyester DMC listed in Table 2.8. For the thermal 
properties, it is to retain the properties of matrix systems of ceramic silicates, but 
with better thermal shock resistance. 
 
Table 2.8 Mechanical, physical and other properties of polyester and phenolic DMC 
[Their glass fibre content is around 25 %wt.] [72] 
Properties Polyester 
DMC 
Phenolic DMC 
Tensile strength (MPa) 70 - 90 65 - 70 
Tensile modulus (GPa) 8 - 10 9 - 11 
Flexural strength (MPa) 120 - 150 80 - 90 
Mechanical 
properties 
Flexural modulus (GPa) 7 - 9 7 - 9 
Energy absorption in impact (J) 
(4.0 mm thick) 
35 25 - 30 
Density (kg/m3) 1700 1700 Physical 
properties Water absorption (%) 0.2 1-2 
Fire properties Oxygen index (%) 20 - 30 75 - 95 
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2.6.3 Silicate based composites 
 
Silicate based primitive composites have been manufactured for hundreds of years. 
The Chinese and Egyptians had used natural fibre or fabrics such as the crop fibres 
mixed with metallic silicates or clay to make their houses and wells as early as 8,000 
BC. In modem industries, silicate based composites have been widely used in 
building construction and decorative panels, while their main reinforcements once 
were asbestos fibres and other mineral fibres. Since health regulations world-wide 
banned the use of asbestos, people have tried many alternatives to replace asbestos 
and other harmful mineral fibres for composites. Although the fire performance of 
metallic silicates has been known for many years, it was only recently that they have 
started to be used in the fire resistant materials arena, since they have always been 
brittle and fragile. It was the development of composite research and the wide range 
of applications of polymer composites with high flammability, which promoted the 
renewed interest in these materials [75]. Also public concern and the potential for the 
massive loss of human life in fire disasters, has promoted a new impetus in the 
development of new fire resistant materials. 
 
 
2.6.3.1 Silicate matrix composites in general 
 
Silicates can be found in the form of liquids, powders and glasses [76]. They also 
exist in fibrous structures and in some metallic silicates, which generate different 
forms of composites. Accordingly silicates can be matrix or reinforcement in their 
composites according to the form of silicates and the manufacturing processes. Low 
temperature hardening processes using liquid silicates as binder were reported in 
later 80s and early 90s [77]. With blast furnace slag powder as filler, the silicate 
matrix was reinforced with glass or polymeric fibres. Final curing temperatures can 
be below 100 °C after humid atmosphere treatment. The process was so called wet 
curing. Room temperature setting has used Na-silicates and mineral materials with 
acidic gas (CO2/SO2) to help to develop a full strength. There have been many 
silicate/glass based composites systems reinforced with mineral fibres developed 
during 80s and 90s in UK, USA, Japan, Canada, New Zealand and other countries. 
Some of them used liquid silicates as a binder to bond chrysotile asbestos into a 
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robust, dimensionally-stable lightweight ceramic materials [78-80]. The method was 
to fuse liquid metallic silicates and ground waste glass to form a material without 
fibre emissions and with enhanced mechanical properties. The benefit of this was 
that the fibre bundles were stabilised through fusion with a glassy matrix, 
significantly reducing the respirable fibre concentration. The SEM analysis of this 
system proved that any resulting dust was free of fibres. The valuable thermal 
treatment could also convert the chrysotile into crystalline forsterite, which should 
destroy its cell toxicity. In early 90s, a series of silicate composites were designed as 
fire proof structural laminate with specific mechanical properties. One of these 
systems was CS3000-FR/HR claymore systems rated as non combustible in 
accordance with British Standard 476 Part 4 [77]. Further tests proved that the 
materials after exposure to temperatures up to 1000 °C showed minimum 
deterioration, and produced negligible levels of smoke and no toxic emissions. Since 
solid silicates as a general mineral composition, possess good thermal performance, 
their composites are widely used in coating industries for improving fire resistance. 
As an example, a fire resistant inorganic coating composite was made by a Canadian 
firm for high speed aeroplanes [81]. It provided an intumesecent feature when 
subjected to high temperature and fire to form a continuous heat insulation structure 
which was retained for prolonged periods at temperatures up to 1000 °C. For 
instance, a coating system with multiple layers on an A1 panel with the thickness of 
coating from 1.9 to 3 mm was heated up to more than 1000 °C, the time for the back 
surface to reach 300 °C was > 30 minutes. When it was heated for 30 minutes up to 
900 °C, the coating layer swelled to about 4 to 5 mm. A coloured fire resistant 
composite was developed by a group of Japanese researchers in 90s [82]. Panels 
were manufactured by a moulding process and curing at elevated temperatures 
generated enough strength for building materials. The process is shown in Figure 
2.44. 
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Figure 2.44 A coloured fire resistant composite manufacturing process scheme [72] 
 
 
Shrinkage has been always a problem for the manufacture of metallic silicate 
composites. During sintering and moulding the density of the materials increases 
tremendously. Materials shrinkage makes it difficult to introduce dimensional 
stability into the components. Because of this, the surface qualities of the moulded or 
sintered parts can not be controlled. Huda et. al. developed a dimensional stable 
material based on a silicate composite with the blast furnace slag as its main filler 
[83]. This water proof composite material has achieved the following properties: 
 
Bending strength     29.4 MPa 
Young's modulus    19.6 ~ 29.4 GPa 
 
The use of fine aggregates could also improve workability during moulding of 
kneaded materials and reduce the shrinkage caused by drying of the hardened 
materials. Other expandable inorganic materials in cement applications have been 
reported such as the use of pre-hydrated high alumina content cement as an 
expansion additive to compensate for shrinkage compensating [84]. In the above 
discussion, silicates were used as a binding agent. In later research the silicates were 
used for improving the strength of greenware which was in the form of a liquid meta-
silicate solution for ensuring compatibility with ceramics or concrete [85]. The 
silicates could be used to mix with original composition to produce better and 
stronger greenware. With acid treatment, articles with a 3-dimensional porous 
structure in their framework can be obtained after sintering. An other route for 
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making porous structures was using SiN4 mixed with Na2O.SiO.H2O, Al2O3 and 
Y2O3 as sintering aids [86]. The final sintering resulted in a honeycomb-shaped 
ceramic article having micro-pores on the cell wall [87]. The process is shown in 
Figure 2.45 and 2.46. 
 
Figure 2.45 Ceramic manufacturing process with acid treatment to produce porous 
structure [72] 
 
 
Figure 2.46 Detailed manufacturing process for silicates as a binder [72] 
 
 
Silicates are often hardened by means of esters, which hydrolyse and subsequently 
gel the silicates [88, 89]. These were used to stabilise soils in underground 
construction projects [90] and used extensively in spiral-tube winding, fibre drums, 
and sailing, laminating metal foil to paper and in corrugated boxes used in 
manufacturing of refractory and acid-resistant mortars and cements used in 
palletising, granulating and as a carrier for water based coating [91]. 
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2.6.3.2 General features of silicates for composite processing 
 
Viscosity characteristics of liquid silicates are very important since they reflect the 
solid content, mole ratio of SiO2:Na2O, particle sizes and level of gel and sol 
formation. For example, the silicate solutions in a mole ratio (Si02:Na2O) of 2.65 can 
be manufactured in an autoclave at a temperature of 160 °C by dissolving fine 
ground sand in a NaOH solution. The solid level of the solutions sold commercially 
is normally between 25 - 40%(wt.). Figure 2.47 shows how the viscosity of silicate 
solutions increased with an increase in the solid level. Meanwhile, the higher the 
ratio of SiO2:Na2O, the greater the rate of viscosity increases with the solid content. 
 
Figure 2.47 Viscosity of sodium silicate solutions at various molar ratios vs. percent 
of the Na2O solid [73] 
 
 
Silicate powders are made from liquid silicate solutions. The ratio of the SiO2:Na2O 
in powders are determined by the ratio in precursor liquids. In a high ratio SiO2:Na2O 
solution, evaporating of water, increases the viscosity to a point where solid forms. 
The rate of evaporation of a solution containing soluble silicates and the rate of solid 
silicates dissolving into water are a function of particle size, SiO2:Na2O ratio and 
water content. In Table 2.9, powdered soluble silicate can be made in a wide range of 
SiO2:Na2O ratios and solution rates for diverse applications. 
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Table 2.9 Solution rates of amorphous sodium silicate powders (3 parts water + l 
part silicate powder) [72] 
Particle Time to dissolve at 25 °C Time to dissolve at 50 °C Silicates 
SiO2:Na2O ratio Size (µm) 50% 75% 100% 50% 75% 100% 
3.32 anhydrous 230 (65) 60 h - - 155 min   
2.22 anhydrous 230 (65) 10 h 70 h - 17 min 1 h  
2.0 hydrated 
(18.5 wt % H2O) 
149 (100) 27 
seconds 
54 
seconds 
- 15 
seconds 
22 
seconds 
29 
seconds 
 
 
As discussed above, the ratio of SiO2:Na2O and the content of silicates in water 
solution give different viscosity for the solution. Therefore, the solid silicates have 
been used to adjust viscosity in liquid solution and binder for ceramic slurries. Many 
of the metallic silicates in solid or liquid systems such as K-silicates, Na-silicates, 
Al-silicates and MgCl2. are developed for these applications [92]. A paper reported 
on the use of silicates as thickening, diluting agents and bonding agents for analysis 
of black talc slurry [93]. It was found that by adding metallic-silicates with different 
ratio of SiO2 and Na20, the whole system was thickened or diluted as desired. The 
fibre/silicate composites are classified as the ceramic composites [94, 95]. Since we 
are going to use the process of DMC from the polymeric composite industry to 
produce fibre/ceramic moulding compounds, the materials we investigated and 
produced have been named as ceramic dough moulding compounds (CDMC). 
 
 
2.6.3 Background to the matrix system-Silicates 
 
What are silicates? Silicates (Mx.mSiO2.nH2O) are a vast family in inorganic 
chemistry and are derived from silicon (Si). Silica (SiO2) and silicates have been 
intimately connected with the evolution of mankind from prehistoric times: the 
names derived from the Latin Silex, gen. silicis, flint, and serve as a reminder of the 
simple tools developed in Palaeolithic times (-500,000 years ago) [96]. The name of 
the element, silicon, was proposed by Thomas Thomson in 1831, the ending on being 
intended to stress the analogy with carbon and boron. Naturally occurring silicate 
minerals makes up more than 90% of the earth's crust. Although tens of thousands 
                                                                                                            1 
 
73
types of metallic-silicates chemically exist, they are only a small part of the natural 
resources on the surface of the earth. These minerals are slightly soluble and are in 
chemical equilibrium with the mineral components [97]. Because of this slight 
solubility, concentrations of dissolved silica usually are 10 - 100 PPM in mineral 
water. The soluble silicates have the general formula [76]: 
 
M2O.mSiO2.nH2O 
 
M - an alkali metal, m, n are the number of moles of SiO2 and H2O relative to one 
mole of M2O, the m has been called the ratio of the silicate. Sodium silicate is the 
most soluble common silicate, and the commercial form of this silicate generally is a 
glass dissolved in water to form a viscous alkaline solution (m = 0.5 - 4.0), the 
commercial water glass has an m value of 3.3. Although the knowledge of soluble 
glass could be traced to antiquity, soluble silicates started their industrial 
development in the early 19th century in Germany and were first produced in North 
America during the Civil War, when they were in laundry soaps as a replacement for 
resin. The production method was that sodium carbonate (soda ash) and sand were 
fused in an open hearth furnace to produce a glass which was then cooled, crushed 
and dissolved, and this formed the basis of modem manufacturing methods. 
Commercial availability of those glass solutions gradually led to the development of 
adhesives and binders after the turn of the century. Apart from additives in washing 
powder and detergents, soluble silicates developed an important market after World 
War II in manufacturing synthetic pigments and  , silica gels and sols, synthetic clays 
and zeolites. It was well known that soluble silicates have miscellaneous usage's in 
cements, coatings, bleaches, water treatment, and soil stabilisation. These are based 
on their capability to form gels/sols and to react with multivalent metal ions or oxide 
surfaces in solution. Post World War II, the main market for liquid silicates was 
adhesives and surface active agent. 
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2.6.3.1 Structure of soluble silicates 
 
Silicates are composed of silicon and oxygen. The bulk of soils, rocks, clays, and 
sand come under the mineral silicate classification. The basic building block of a 
metallic silicate is SiO44- , a tetrahedron structure giving various arrangements for 
silicate ceramics (Figure 2.48) [98]. Table 2.10 shows some of the structures in 
different silicates [99]. 
 
Figure 2.48 Basic structure of silicon-oxygen (SiO4-4) tetrahedron [72] 
 
Table 2.10 Summary of the structures in different silicates [72] 
Silicate type Unit 
structure 
Name Registry 
No. 
Formula Qs 
structure 
Discrete, 
noncyclic 
orthosilicate 
SiO44- Zircon 14940-68-2 ZrSiO4 Q0 
Pyrosilicate Si2O76- Thortveitite 17442-06-7 Sc2Si2O7 Q1Q1 
Discrete, 
cyclic 
tetramer 
Si3O96- Benitoite 15491-35-7 BaTiSi3O9 (Q2)3 
Cyclic 
hexamer 
Si6O1812- Beryl 1302-52-9 Be3Al2Si6O18 (Q2)6 
Infinite chain 
pyroxenes 
(SiO32-)n Diopside 14483- 19-3 CaMg(SiO3)2 (Q2)n 
Amphibole (SiO116-)n Tremolite 14567-73-8 Ca2Mg5(Si4O11)2(OH)2 Q3Q2 
Sheet (SiO52-)n Talc 14807-96-6 Mg3(OH)2Si4O10 (Q3)n 
 
Synthetic silicates and silica are made up of oligomers of the basic building block of 
SiO44- with tetrahedral structure. Silicate polygons can construct more complex 
structures according to Pauling's rules. The QS structure notation refers to the 
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connectivity of silicons [99]. The superscript represents the number of nearest-
neighbour silicon atoms. 
 
 
2.6.3.2 Silicates in solutions 
 
The distribution of silicate species in solution has long been of interest because of the 
wide variations in the typical properties. Studies in 1920s led to a dual description of 
silicate components [100]. Prior to 1928, sodium silicate solutions were thought to be 
composed of products of hydrolysis, colloidal silicic acid, hydroxide ions, and 
sodium ions. However, through the analysis of the properties of solutions with 
various ratios of SiO2:Na20, the silicate solutions also contain crystalloidal silica 
(Nauman and Debye, 1928). Later research in light scattering showed that stable 
silicate solutions did not contain very large particles. In the 1970s, other indirect 
methods of studying silicates species in solution indicated that these are a complex 
mixture of silicate anions with varying degrees of polymerisation in a dynamic 
equilibrium [101]. Recently, the NMR spectra for a range of silicate ratios were 
measured, and the various silicon centres could be identified and relative 
concentrations could be estimated. The following representations of the polymeric 
species in silicate solutions have been proposed, for instance, for H2x SiyO(2y+x)or its 
ionised forms: number of non bridging oxygen = 2x; number of bridging oxygen 
atoms = 2y+x. The most common species in Na2O.SiO2.H20 family are shown in 
Figure 2.49.  
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Figure 2.49 Some of the simpler polysilicate species identified in sodium silicate 
solutions [72] 
 
A general formulation could be presented as: 
 
Na2O.SiO4.xH2O 
 
X = n - l, contain silicate monomer; X = 4, sodium meta-silicate pentahydrate (CN 
No. 10213-79-3lPQ Co.); X = 5, sodium meta-silicate hexahydrate (CN No. 35064-
64-3PQ Co.); X = 7, sodium meta-silicate octahydrate (CN No. 27121-04-6PQ Co.); 
X = 8, sodium silicate meta-silicate nonahydrate. 
 
Silicate glasses which contain SiO4 tetrahedra are similar to other forms of silica, 
crystalline silicates and glasses [102]. The tetrahedra may be monomers or 
polymerised with up to four other tetrahedra sharing oxygen atoms to form Si-0-Si 
bridges (siloxane bond).  
 
Soluble silicate solutions contain mixtures of silicate anions, ranging from monomer 
SiO44- and dimer Si2O52- through to high molecular weight polymers containing a 
large number of Si atoms. On evaporation, these polymers coalesce causing steep 
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rises in solution viscosity which is why more siliceous materials are often used as 
adhesives. 
 
It is suggested that the principal factors in commercial silicate glass dissolution are 
temperature, glass composition and surface area. The dissolution of silicate glass 
involves a two-step mechanism [103]. 
 
Ion exchange               ≡ SiONa + H2O ↔ ≡ SiOH + Na+ + OH- 
Equation 2.4 
Network breakdown    ≡ SiOSi ≡ +OH- ↔ ≡ SiO- + HOSi≡ 
Equation 2.5 
 
 
The solubility trend is K+ > Na+ > Li+. The presence of multivalent metal ion 
impurities (AI3+, Ca2+, or Fe3+) in the alkali silicates reduces the solubility of the 
glass [103]. 
 
 
2.6.4 Polymerisation of silicates 
 
Polymerisation of silicates has been of great interest to technologists for a wide range 
of applications. The complex silanol polymerisation process may be simplified as 
Equation 2.6 [104]: 
 
≡ SiOH+ ≡ SiO-H+ → ≡ SiOSi ≡ +H2O↑ 
Equation 2.6 
 
This empirical representation becomes less valid at pH>l0. Other factors influencing 
colloidal systems are ionic strength, dielectric constant, and temperatures. Larger 
particles grow at the expanse of smaller particles, especially at higher pH value; the 
tendency of smaller particles to condense at the surface of the large particles is more 
[105]. Low pH values and higher ionic strengths lead to the growth of smaller 
particles. If the concentration of SiO2 is sufficiently high, inter particle aggregation 
and ultimately network formation will occur, for instance, gelation, yielding a 
continuous structure throughout the medium [106]. 
 
K1 
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2.6.4.1 Chemical mechanisms of silicate condensation 
 
The mechanism of silicate polymerisation can be divided into 3 stages, as shown in 
Figure 2.50.  
 
Figure 2.50 Three steps of polymerisation for silicates from monomers to gels [72] 
 
They start with monomers and then grow into particles, if the condition is right they 
can link up together and form chain and networks. The reaction involves the 
condensation of silinol groups (Equation 2.7) and results in an increase in molecular 
weight of silica [102]: 
 
-SiOH + HOSi = -SiOSi- + H2O 
Equation 2.7 
 
The formation then growth of spherical particles is one kind of polymerisation. 
Aggregation of particles to form viscous sols and gels is another kind of 
polymerisation which may occur and lead to form chains or networks under other 
conditions. Succeeding steps in polymerisation from monomer to large particles and 
gels have been represented schematically by as in Figure 2.51 [107].  
Monomers 
Linking Grow 
Particles Chain and networks 
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Figure 2.51 Polymerisation behaviour of silica. In base solution (B) particles in sol 
grow in size with decrease in numbers; in acid solution or in presence of flocculating 
salts (A), particles aggregate into three-dimensional networks and form gels [107] 
 
 
An intermediate covalent stage and even more extensive complexes involving 6 co-
ordinated silicon were postulated in the pH between 2 - 10 as shown in Figure 2.52 
[108]. 
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Figure 2.52 Possible intermediates in polymerisation of silica: A. two silicon anionic 
complex involving OH- ion; B, three-silicon cationic complex involving H+ ion; 
C+D, suggested alternates to A; E, intermediate at silica surface [72] 
 
 
When polymerisation takes place above pH 7, the ionisation of polymer species is 
much faster so that the monomer polymerises and decreases in concentration vary 
rapidly at 25 °C. Meanwhile, the particles grow rapidly to a final size that depends 
mainly on temperature. The higher the temperature, the bigger the particle size [107]. 
 
It was observed that at pH 8 the polymerisation of silicic acid has an "induction 
period" during which there is little or no polymerisation of monomer. And the 
"reactive silica" was mainly Si(OH)4 monomer [108]. At this pH stage, the 
polymerisation of monomer involves a reaction between Si(OH), and ≡ SiO ions. 
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2.6.4.2 The self-condensation 
 
Self condensation of monomer catalysed by OH- ion involves the formation of 
oligomers and is commonly written as: 
 
2Si(OH)4 → (OH)3SiOSi(OH)3 + H2O                                                  
Equation 2.8 
 
 
The greater the number of siloxane linkages and the fewer OH- groups on a silicon 
atom, the stronger the acidity: 
 
 
                                                     ≡ SiO                            ≡ SiO 
Si(OH)4             SiOSi(OH)3                        Si(OH)2        ≡ SiO       SiOH    
                                                     ≡ SiO                            ≡ SiO 
 Equation 2.9 
 
 
Polymerisation also involves intermediate ionisation to ≡SiO- or ≡Si+ to below or 
above pH 2. The key point is that condensation involves the reaction of an ≡ SiO- ion 
with the non-ionised silanol group: 
 
≡ Si- + HOSi ≡ → ≡ SiOSi ≡ +OH- 
Equation 2.10 
 
 
When monomer polymerises in alkaline solution in pH range 8-10 colloidal silica 
particles form quickly and grow spontaneously [107]. 
 
 
 
 
 
 
 
OH- 
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2.6.5 Physical characteristics of gel and powder 
 
Silica gel and powders consist of silica particles, ranging from 1 to 100 nm in 
diameter. 
 
 
- Silica gel 
A coherent, rigid three dimensional network of continuous particles of colloidal 
silica can be formed by polymerisation of silicic acid and through aggregation of 
colloidal silica.  
Most common four types of Gels are: 
 
 Alcogel - pores filled with alcohol; 
 Aqua gel - pores filled with water; 
 Xerogel - liquid medium has been removed, structure compressed; 
 Aerogel - A type of Xerogel, liquid removed, structure kept. 
 
 
- Silica powder 
Silica powder consists of small granules of silica gel or sub micron particles that are 
linked together in extremely weak networks. There are about 7 types of silica 
powders: pulverised gels, spheroidal gels, precipitated silica, aerosols or pyrogenic 
silica, organophilic silica, aluminosilicate anions [109]. The average particle 
diameters can be calculated as dn, the number - average diameter and ds, the surface - 
average diameter: 
∑
∑
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                                                                                   Equation 2.11 
 
Where ni is the number of particles in its range of sizes, the mean diameter of each 
being di, and k is the number of size range. 
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Another important property is the surface area of the gel or powder. The BET 
method of calculation specific surface area from an absorption isotherm used 
nitrogen as the absorbed gas at 196 °C [110]. BET equation [111]: 
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−
+=
−
                                                  Equation 2.12 
 
 
aν , is the moles of gas absorbed per gram of absorbent when the gas pressure is p, 
mν  is the mono-layer capacity of the surface, p0 is the saturated gas pressure, c is 
constant. The area determined by the equation E 2.10: 
 
2010−×= NavS mmBET                                                               Equation 2.13 
 
 
ma , is the molecular cross-sectional area of one gas molecule in square angstroms, N 
= 6 X 1023, ma = 16.3 A for an oxide surface. Fully hydroxlated powder was 
dehydrated and the example was showed in Table 2.10 based on the BET equation. 
 
Table 2.11 The physical and chemical relationships of gel and powder among 
dehydration temperature, surface area, SiOH groups based on the BET equation [72] 
Dehydration 
Temperature (°C) 
Surface Area 
(m2/g) 
SiOH 
Groups (n/m-2) 
Constant 
C 
120 182 10 104 
620 170 3 53 
810 141 2 45 
 
 
From these data, with the elevating temperature, the surface area was decreased, 
means the particle size was increased and the SiOH was consumed from 10 to 2. 
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- Porosity of gel and powder 
They are characterised by specific surface area m2/g, specific pore volume (up, ml/g), 
average pore diameter dp, pore size distribution ∆υp/ ∆dp = f (dp) and degree to which 
entrance to larger pores is restricted by smaller pores (“bottle-necks" or "ink-bottle" 
pores) [112]. Because absorption characteristics change with pore size, Dubinin 
classified porosity in the terms of micropores, mesopores, and macropores (Table 
2.12) [113]. 
Table 2.12 Dubinin porosity classification [72] 
 Diameter (A) Specific surface area (m2/g) 
Micropores 10 - 28 7500 
Mesopores 30 - 2000 500 - 10 
Macropores 2000 - 4000 <l0 
 
 
2.6.5.1 Particle size and packing 
 
All silica gel and precipitates tend to be compressed by the shrinkage forces of the 
surface tension of water as it dries out of pores. Unless special precautions are taken 
to strengthen the structure and reduce the surface-tension forces, the wet precipitate 
or gel is strongly compacted to about the same co-ordination number 6. Loss of 
surface area of SiO2 particles by particle packing can be achieved by pressure such as 
1500 MPa. The approximate relation between pressure and the co-ordination number 
of silica particles was listed in Table 2.13.  
 
Table 2.13 Relationship among the pressure, surface area and porosity of SiO2 
particles with starting particle diameter 4 nm [72] 
Pressure 
(tons/in2) 
Surface 
(m2/g) 
Co-ordination 
Number 
Porosity 
(sm3 pores/cm2 body) 
0 636 3 - 
10 522 5.6 0.51 
50 373 9.8 0.33 
100 219 - 0.204 
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Depending on the pore radius, the silica gels can be subdivided into four groups 
[110] listed in Table 2.14. 
 
Table 2.14 The influence of pore dimension in gel to the classification of absorption 
of particle sizes [72] 
Pores dimension in gel Exhibiting Capillary p/p0 
< 2 nm Absorption No  
2 nm Hysteresis for 
water 
Small molecules 0.5 – 0.8 
3-10 (Micropores) Hysteresis for 
large molecules 
Absorption Higher 
> 10 nm  Absorption Unity 
 
 
There are some methods to measure the pore volume: liquid nitrogen pressure 
approaches p/p0=l (Kiselev's method) [114]; flow method by a nitrogen-helium 
mixture containing 96.7% nitrogen; the oil absorption test, long used to evaluate 
carbon blacks, pigments and fillers, can give as indication or pore volume which 
used a non-volatile liquid that steadily penetrates the pores in silica. The amount of 
"oil" absorbed by a silica powder is an indirect measure of porosity. 
 
 
2.6.5.2 Aggregate strength: inter-particle bonding 
 
The conversion of a spherical sol particle to a uniform gel is through the formation of 
a Si-O-Si bond or an inter-particle bonding as shown in Figure 2.53 [107]. When 
particles collide, there are neutral ≡ SiOH groups as well as ≡ SiO- ionised groups on 
the surface of the particles which condense to form the Si-O-Si linkages by the same 
mechanism involved in the polymerisation of low molecular weight species. 
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Figure 2.53 Bond formation between silica particles. With little or no charge 
repulsion, collision results in formation of inter particle siloxane bonds, catalysed by 
base. Once bonded, the particles grow together [72] 
 
 
The presence of the soluble silica or monomer then plays a role of further cementing 
the particles together. From the bond formation of particles showed in Figure 2.54, 
the particles can link together into chains then develop into rods or fibre structures or 
a solid structure or a fibrous network [107]. 
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Figure 2.54 The size of the ultimate particles and the co-ordination number (number 
of particles touching each particle) control the pore volume and average pore 
diameter [72] 
 
An important step in the formation of a rigid gel is the strengthening of the inter 
particle bonds. When two silica particles unite in water, they grow together because 
the solubility of silica in the crevice at the point of contact is less than that of the 
silica over the surface of the particle. The formation of inter particle "necks" can 
occur by 2 processes: the solution / redeposition process and the deposition of 
additional silica from supersaturated solution. The mechanical strength of 
coalescence of particles in gel structures having same particle size and a packing 
arrangement can be measured from equation developed by Kaiser et al. [115]. It was 
indicated that the higher the porosity, the lower the related strength (Table 2.15). 
 
)20.7exp(2 φφσ KPDc =−=                                                Equation 2.14 
 
cσ , is the crushing strength; P is crushing load; D is diameter of agglomerate; Ø is 
fraction of total volume occupied by shares; K is a constant which is a function of the 
spherical particles diameter and the bond strength between two particles. 
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Table 2.15 The relationship between porosity and strength of packed silicates [72] 
Porosity (cm3/cm3 of gel) Strength relative 
0.26 (Regular close packing) 100 
0.30 71 
0.5 (Open packing) 12 
0.6 5 
 
Gel strength and hardness were real concern when in 1950's. Many procedures of 
increasing mechanical strength, reducing shrinkage, with higher porosity had been 
devised for soluble silicates [116]. Slow drying was essential in order to keep the gel 
lumps from shattering because of greater shrinkage of the exterior portions. If water 
in the gel is replaced with an organic liquid having a lower surface tension, the gel 
shrinks less during drying, leaving larger pores. Another approach is to use a 
compound which releases acid slowly then mixed with concentrated sodium silicate 
solution reacted and set in a day to an extremely hard gel. The effects of cations to 
accelerate gelling increased in order Li+, Na+, an K+ and of anions in the order NO3-, 
Cl-, Br- and I-. For some un-explained reason I- had about five fold the effect of NO3- 
[117]. 
 
 
2.6.6 Polymerisation of catalysed silicates 
 
The most industrialised polymerisation of silicates is catalysed by substances such as 
acid gases and liquid acids, metallic minerals, salts, even organic or polymers. 
 
2.6.6.1 Catalysis by gases and liquid acid 
 
- Acidic gas 
Silicates can be hardened by acidic gases such as CO2 and SO2 at different 
temperatures. The silicate/CO2 system is very popular for foundry industry which 
offers many advantages. As a bonding agent, liquid silicate mixed with sand can be 
hardened in situ immediately after compacting, exposing the core or mould to carbon 
dioxide [118]. The chemical mechanism of the silicate/CO2 system was that, the 
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surface film of the M-silicate coating reacts with carbon dioxide, forming a hydrated 
sllica gel membrane which is a semipermeable type of structure. Secondly, water is 
lost from the underlying sodium silicate, brought about by the flow of the carbon 
dioxide gas stream. It is considered to set the silicate by two possible processes [88], 
[119]: 
 
a. Physical dehydration of the silicate solution by the drying action of the CO2. 
b. Neutralization of the silicates and gel formation by chemical reaction with the 
CO2. 
As the drying temperature increases from 60 °C to 110 °C, NaCO3- is formed 
initially and then converted to NaHCO3 on further processing. Generally, shorter 
gassing time gives lower initial strengths which considerably increase on standing. 
With longer gassing period, higher initial strength tends to be obtained, but the 
strength build-up during storage is reduced. CO2 gas was proved the most convenient 
and efficient gas to harden the silicates [120, 121]. Samples gassed with CO2 contain 
bicarbonate and carbonate species which decomposed on heating in at least four 
stages up to l000 °C. IR spectroscopy suggests that the more thermally stable species 
may be silicate carbonates. 
 
- Silicate/SO2 system 
The silicate/CO2 and silicates/SO2 systems work well both in normal and high 
temperatures [120, 121]. The method is to bubble SO2 into a sodium silicate solution 
in order to produce solidification. X-ray diffraction indicates the presence of 
crystalline Na2SO3.7H2O, and a smaller amount of Na2S2O5 which is on an 
amorphous component. 
 
- Liquid acid as catalyst 
The development of liquid setting agents is concentrated in poly-alcohol esters and 
alkaline carbonate esters. Poly-alcohol esters are the acetates of glycerol and 
ethylene glycol. These setting agents are usually 8% - 14% based on the weight of 
Na-silicate. In common with most chemical reactions the setting rate of the liquid 
silicate/ester system is temperature dependent - the lower the temperature of the 
system the slower the rate of set [122]. 
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2.6.6.2 Solidified by metallic acids 
 
Metallic acids are powdered setting agents such as heavy metal silicides. When 
mixed with liquid silicates react to form a hard mass. The reaction mechanism is 
complicated and the relationship among these metallic solids and liquid silicates 
remains unknown. 
 
- Calcium silicates 
This occurs in a variety of chemical forms as by-products of blast furnace slag or by 
products of magnesium and ferrochrome in form of gamma-dicalcium silicates which 
are extremely reactive when freshly prepared. The activity can be lost with the time 
by the action of air and moisture. 
 
- Portland Cement 
This contains a high proportion of calcium silicates and other metallic minerals 
which are extremely efficient as setting agents. Table 2.16 represents the chemical 
constituents for various types of Portland cement [123]. 
 
Table 2.16 Chemical constituents for various types of Portland cement [72] 
Type of 
cements 
3CaO.SiO2 2CaO.SiO2 3CaO.Al2O3 4CaO.Al2O3.Fe2O3 CaSO4 MgO Free 
CaO 
Type I 45 27 11 8 3.1 2.9 0.5 
Type II 44 31 5 13 2.8 2.5 0.4 
Type III 53 19 11 9 4 2 0.7 
Type IV 28 49 4 12 3.2 1.8 1.9 
Type V 38 43 4 9 2.7 1.9 0.5 
 
When it is ground to a powder and mixed with water, it forms a stone like mass 
which results from a series of chemical reactions with the crystalline constituents 
hydrate, forming a material of high hardness that is extremely resistant to 
compressive load. During hydration, cement forms a non crystalline paste that has 
good adhesive properties. After its setting, it consists of submicron-sized crystals in a 
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gel-like material that possesses a high surface area value. The compositions of the 
four main compounds in Portland cement are [124]: 
Tri-calcium silicate                3CaO.SiO2 (C3S) 
Di-calcium silicate                 2Ca.SiO2 (C2S) 
Tri-calcium Aluminate           3CaO.A12O3( C4A) 
Tetracalcium aluminofemte   4CaO.A12O3.Fe2O3(C3AF) 
 
Hydration of Portland cement contributes to forming the cement paste and 
developing the final rigid mass. C3S is the most dominating component in the 
hydration process (E 2.12): 
 
2(3CaO.SiO2) + 7H2O = 3CaO.SiO2.4H2O + 3Ca(OH)2 
Equation 2.15 
 
3CaO-2SiO2.3H2O is tobennorite gel. After mixing the C3S and water, lime and silica 
ions enter into solution, and it begins to form at the surface of the C3S crystals and 
proceeds to cover them. As ions diffuse through this layer, nucleation and growth of 
the portandite and tobennorite gel crystals continue. Similar reactions happen 
between in C2S and water: 
 
2(2CaO.SiO2) + 5H2O = 3CaO.2SiO2.4H2O + Ca(OH)2 
Equation 2.16 
 
 
- By aluminium phosphates 
Hardeners for soluble silicates are produced by a drying process of a salt containing 
phosphoric acid Al2(PO4)3. A condensation reaction of P2O5 and Al2O3 lead to 
different hardeners depending on the processing temperature and the P2O5/Al2O3 
ratio. In an alkaline environment the hardeners are dissolved and the polymerisation 
of -O-Si-O-Si- reaction would occur [125, 126]. 
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2.6.7 Chemical Activity 
 
Soluble silicate and polymer-metal ions interact in solution. Since the reaction 
happens among metal ions in solution and polymeric silicate species, it has been 
shown that silica-gel surfaces form complexes with multivalent metal ions that 
indicate a correlation between the liquid properties of the surface OH groups on 
silica gel and metal-ion hydrolysis [127]. For Cu2+, Fe3+, Cd2+ and Pb2+ their solution 
activity can be increased. The existence of Ca2+ and Mg2+ decreases the solution 
activity. 
 
2.6.7.1 The nature of silica surface 
 
There are three types of silica surface [128]. A fully hydroxylated surface terminated 
with silanol (SiOH) groups. All silica dried from water at less than 150 °C are of this 
type. Secondly, a siloxane surface consisting mainly of oxygen atoms, each bonded 
to adjacent silicon atoms. Pyrogenic silica condensed form the vapour states are of 
this type. Also, hydoxylated silica which have been dehydrated at around 1000 °C 
develop a siloxane surface by removal of water forming adjacent silanol groups. And 
thirdly, an organic surface formed by chemical or physical attachment of organic 
molecules or radicals. 
 
2.6.7.2 Reaction with phosphoric, boric acids and sulphuric acids 
 
• The reaction of silica with phosphoric acid is a condensation reaction with 
elimination of water. Silicon phosphate has long been known as a water soluble 
material. 
• The reaction of boric acid with silica appears to parallel those of phosphoric acid, 
on dehydration at high temperature, Si-O-B bonds are formed in the resulting 
rnixed-oxide glass. The Si-O-P and Si-O-B bonds are hydrolysed in aqueous 
solution [129]. 
• Silicon dihydrogen sulphate [SiO(HSO4)] was obtained by dehydrating 
"dihydroxy" silicon dihydrogen sulphate [(HO)2Si(HSO4)], with concentrated 
sulphuric acid [130]. 
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2.6.7.3 Reaction with metallic materials 
 
- Iron and uranium 
Monomeric silica does not react with most metal ions in water at low pH where 
Si(OH)4 existed. For reaction to occur hydrolysis to a basic metal ion must first take 
place [131]: 
 
H2O + Fe3+ = Fe2+OH + H+ 
Equation 2.17 
 
Second step: 
 
 
(-SiOH)m + Fe3+ = (-SiOH)m-n(-SiO)nFe3-n + nH+ 
Equation 2.18 
 
Very few metal ions form basic ions at the pH of 2 (iron and uranium are the only 
ones), where monomeric Si(OH)4 is most stable, the reaction between silica and 
uranol ion as follows [72]: 
 
UO2 + Si(OH)4 = UO2Si(OH)3+ + H+ 
Equation 2.19 
 
 
- Reaction with chromium 
Hexavalent chromium as H2CrO4 appears to form a complex with Si(OH)4 [107]. 
The H2CrO4 dimerised the silica quantitatively and the excess had no further effect: 
 
 
Equation 2.20 
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- Reaction with aluminium 
There is an affinity for the internal reaction between oxides of aluminium and 
silicon. Aluminium oxide is far less soluble than silica in water at 25 °C, pH 5-8. It is 
necessary to spend time to allow monomeric silica, Si(OH)4, to react with Al3+ ion at 
25 °C to form colloidal aluminium silicate [72]: 
 
2Si(OH)4 + 2Al3+ + H2O = Al2Si2O5(OH)4 + 6H+ 
Equation 2.21 
 
There is a reaction between Si(OH)4 and crystalline Al(OH)3 by which several 
reaction layers of Si02 are built up, with simultaneous decrease in pH of the 
suspension. 
 
 
2.6.8 Manufacturing silicates 
 
In UK, these silicates are manufactured to be used in wide variety of industries: 
 
Detergent manufacture                   24% 
Paint manufacture                           24% 
Catalysts                                         11% 
Foundry binders                              11% 
Cements                                           7% 
 
Most of the UK's liquid silicates are produced by Gossage's method from Sibia sand 
by reaction with sodium carbonate to yield a glass [72]: 
 
 
Na2CO3 + xSiO2                  Na2O.xSiO2 + CO2 
Equation 2.22 
 
 
X - the mole ratio. 
 
> 1500 °C 
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Crystalline products and their compositions are shown in Figure 2.55 [72]. Highly 
siliceous phases are slow to attain equilibrium structures and compositions, but a few 
of the naturally occurring members have attained equilibrium over geological time. 
 
Figure 2.55 Chemical distribution of sodium silicate products based on the 
manufacture formulation and the final composition [72] 
 
 
Soluble silicate glasses are manufactured in oil-gas-fired open-hearth regenerative 
furnaces in modern industry. Glass is obtained by reaction of quartz sand and sodium 
carbonate (soda ash) at a temperature of 1200 °C in the molten batch and a 
manageable melt viscosity. The reaction rate of quartz with Na2CO3 is controlled by 
silica diffusion. 
 
As Na2CO3 melts and reacts with the sand grains at the slow process of quartz 
network breakdown. The raw materials of sand and soda ash for manufacture of the 
soluble silicate must be of high purity. The impurities observed in 3.3 ratio solution 
can be shown in Table 2.17 [72]. 
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Table 2.17 Range of composition of typical sodium silicate glasses 
(3.3:l = SiO2:Na2O) [72] 
wt % Assay 
Low High 
Na2O 23.21 23.89 
SiO2 75.36 76.00 
K2O 0.00 0.10 
Fe2O3 0.005 0.30 
YiO2 0.004 0.052 
Al2O3 0.15 0.51 
CaO 0.032 0.017 
MgO 0.004 0.10 
CdO 0.00012 0.0022 
NiO 0.00008 0.0026 
Se3 0.008 0.19 
CO2 0.00 0.23 
Cl 0.025 0.12 
Ignition less 0.03 0.36 
Ratio by wt% SiO2:Na2O 3.154 3.246 
 
 
2.7 Summary 
 
The demand for having sustainable construction suggests for having proper thermal 
insulation. Cellular polymeric foams are one of the best ways of buildings insulation; 
however their recycling is one of their disadvantages. There are several 
recycling/reusing techniques introduced and revised in the literature and still there is 
gap for future techniques. Polymeric foam’s cutting methods are introduced for 
volume reduction of foams and using foams as particulates in composite structures. 
Silicate binder is suitable for manufacturing low cost composites. Their properties 
and hardening procedure have been reviewed in this chapter. 
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CHAPTER 3                
PHILOSPHY APROACH, AIMS 
AND OBJECTIVES 
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3.1 Designed recycling procedure 
 
The process of designing a recycling method in this research contains three stages, 
shredding of the polymeric foams, mixing them with a binder that cures at room 
temperature and finally moulding and curing the mixed specimen (Figure 3.1). This 
process highlights the importance of the binder and its properties on the whole 
system. The quality of the final product as an advanced composite structure is a 
function of two constituents: Shredded foams and binder. The binder acts as the 
matrix and the shredded foam as the second phase additives. Before testing of the 
final product some experiments are performed on the binder and processing 
including curing time/temperature. After processing (moulding and curing) thermal 
resistivity measurements, compression testing, acoustic testing and fire resistivity 
measurements (Micro and cone-calorimeter) are conducted as standard tests that will 
be carried out on the recycled sample to evaluate its properties. All tests have been 
carried out according to the relative standards prescribed for standardization of 
building materials for insulation. These results are reported in the next chapters to 
show the quality of the final product.  
 
 
Figure 3.1 The new defined process of polymeric foam recycling 
 
 
The need to determine solutions for each of the following challenges explains 
subdivision of the study into the three processing steps. The results of experiments 
which will be discussed in the following chapters leads to solutions of these issues: 
o To find the best materials selection for the binder (Chapter 4) 
o To find the best composition for the binder to cure at room temperature with 
low viscosity to coat fragmented foams (Chapter 5) 
o To find the best way of shredding (Chapter 6) 
Foam 
Shredding 
Mixing  
(Binder + Hardener + 
Filler) 
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o To find the best way of moulding and conditioning (Chapter 7) 
In the following chapters (chapter 4 to 7) the results of each step are reported and 
solutions to these three problems are discussed. Moreover properties of the new 
product are compared to existing thermal insulation.  
The aims and objective of this recycling procedure will be discussed in this chapter.  
 
 
3.2 Aims and objectives 
 
The project objective is the development of a technology for converting waste 
thermosetting foams, such as polyurethane or phenolic foams, into high added value 
materials for use in fire-resistant high temperature insulating applications. This 
recycling/reusing system will provide industry with a route to eliminating a serious 
waste problem and simultaneously create a valuable product stream that out performs 
any existing material form. This includes the minimisation of waste by re-
use/recycling, alternatives to landfill and strategic approaches to the management of 
waste. This has been illustrated in Figure 3.2. 
 
Figure 3.2 Schematic of the new proposed recycling 
 
Shred Mix Mould
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The most innovative aspect of this project is that it creates a high added value new 
product by combining an awkward waste stream on-site with a low cost liquid 
binder. The project takes an existing idea which has been demonstrated at the 
laboratory scale [72], and will validate the concept at an pilot scale, refine the basic 
parameters and develop a manufacturing/ recycling/ exploitation process. 
 
3.2.1 Innovation 
 
This research involves a new concept that  mixes chopped scrap foam materials with 
a proprietary liquid that cures to form an incombustible material capable of 
withstanding high temperatures >1000°C. The developmental heterogeneous foams 
that combine the binder liquid with scrap phenolic and polyurethane foams have 
been shown to be incombustible after an initial flame [72]. The material has the 
potential to act as a core material in high temperature panel systems which at present 
can only be produced using very expensive and fragile foamed glass. The new 
composite foam needs to provide an extended thermal operation range compared to 
the best polymeric fire resistant foams (phenolic). 
The greater rigidity of the foam will mean that the core has high shear and 
compression strength and could be produced for longer panels and flooring systems. 
The material is potentially castable, which makes it suitable for use in non-standard 
applications and industrial gap filling. A specific use for gap filling in buildings 
would combine thermal insulation and fire resistance. This would be a very 
beneficial mix of properties compared to existing materials such as mineral wool 
which can become damp and non-insulating, is moveable and often acts as a nest for 
vermin.  
 
The project will need to identify, in much more detail than is currently known, how 
the size (and shape) of the foam fragments and the ratio of foam to second phase 
liquid will affect final properties, both mechanical and thermal. The key element of 
the waste conversion process is chopping and mixing the scrap foam with the 
proprietary second material in liquid form, to form a castable slurry. Strategies for 
chopping, cutting or dicing the foam and mixing with the proprietary liquid will be 
developed. It is proposed that a simple shredding, mixing and pumping machine is 
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developed alongside the basic material to allow an integrated system for on-site 
utilisation of the waste foam. 
 
3.2.2 Expected results 
 
The main outcome needs to be for recycling waste PUR, PIR and phenolic foams. 
Current estimates based on market share, are that the volume of scrap foam produced 
during manufacture and new build, is of the order of 1 million cubic metres/annum 
[2]. At present this waste goes largely to land fill. The new technology will require 
an assessment of the optimal;  
 
1) foam particle (fragment) sizes 
2) ratio of second phase liquid to foam content 
3) mixing conditions, casting methods and cure rate.  
 
The main data generated will be a combination of mechanical and thermal data for 
combination foams produced using different waste foam feedstocks, cut or shredded 
to different sizes/shapes. Compression strength will be measured for a range of 
temperatures to assess the ability of panels of different sorts to withstand load over a 
range of temperature. Heat release, smoke release and fumes will be measured. 
 
 
3.2.3 Economic benefits 
 
In Europe, the rapidly growing (PUR)/ (PIR) foam insulation products industry 
comprises over 11,500 companies employing over a third of a million people and is 
worth about 6 billion Euros in trade [30]. It is currently estimated 4-7 % of total new 
UK production is scrapped and goes to landfill [30]. Estimated costs of disposing of 
this waste foam are of the order of £20 million/annum to the producers of foam 
panels and insulation blocks [30]. This is a huge cost burden and overhead which 
could rise dramatically as the foam has now been re-classified as hazardous. The cost 
of disposing of secondary scrap from old buildings, cold stores, truck trailer walls, 
railway vehicles is another factor and a possible additional market. It is anticipated 
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that the development of a successful product form could lead to a business with  
considerable potential. The key to the success of the project is to develop a final 
product that is of higher value than the precursor foams. The scrap foam needs to be 
considered as a near zero cost filler. The conversion of scrap foam into fragments is 
achievable by many routes (dependent on the specific polymer foam) and mixing and 
dispensing via a single machine does not involve untried technology. The ability to 
achieve a low U value for thermal insulation with low weight will require 
considerable optimisation and there is also a risk that the final product might be 
much heavier and more expensive than existing polymeric foams. However previous 
studies have shown that architects and insurance companies would pay a premium to 
replace a standard £20/m2 panel system produced using a combustible polymeric 
foam core with steel facings, by a £200/m2 equivalent panel if the core was 
incombustible [3]. 
 
3.2.4 Environmental impact 
 
 Scrap is generated in most application areas where materials such as polyurethane 
foams or phenolic foams are used as insulation barriers in the production of panelling 
or other systems. The manufacturing processes frequently involve producing slab 
foam materials and cutting/trimming to size. The major problem with foam polymer 
waste which makes it uneconomic to utilise the scrap in a conventional polymer 
recycling process is its high volume and low weight. The bulk of the material makes 
it extremely expensive to collect, store and transport. The energy recovered from 
burning a unit volume is very small while the land-fill requirement for a given mass 
is very high. The process used for high-volume low-cost production of the primary 
polymer foams do not lend themselves to mixing with chopped fragments of recycled 
materials without disrupting the economics of the foam manufacturing process. 
Hence an economical primary recycling route is not currently available.  
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CHAPTER 4                      
BINDER’S MATERIAL 
SELECTION 
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4.1 Introduction 
 
As described in the last chapter, after shredding the polymeric foams a liquid binder 
needs to be mixed with the particles. The binder needs to be cured at room 
temperature due to on-site recycling limitations. Therefore finding a suitable binder 
that cures at room temperature and has low viscosity at this temperature is the first 
task. The viscosity of the binder plays an important role in terms of mixing with 
foams. A low viscosity binder resists curing at room temperature due to the high 
proportion of liquid present. However, due to the high water absorption of the foams, 
highly viscous binders prevent to mix with foams completely. Finding an optimum 
point for viscosity and room temperature curing is key to the binder development. 
Reducing curing temperature and time are two important issues discussed in this 
chapter. By introducing hardeners and accelerators which are matched to the selected 
binder these problems are solvable, also details of these solutions are discussed in 
this chapter. As well as curing, the strength of a cured sample plays an important 
role. Room temperature cured binders without adequate strength makes a recycled 
sample difficult to handle on-site and it is important to pass all standard building 
regulations in terms of mechanical properties. As a solution, different fillers have 
been introduced to increase the mechanical properties but these fillers also increase 
viscosity. Therefore finding a suitable filler and an appropriate filler loading is 
another part that will be discussed.  
 
 
 
4.2 Rationale for selection of generic binder class 
 
The mechanical, fire and thermal properties of the binder are vital for the 
reconstituted foams along with the ability to cure at ambient temperature. Also on-
site limitations different factors should be considered before choosing the binder for 
recycling foams. Any kind of binder having properties as listed below could be a 
possible choice: 
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- To cure at room temperature 
- To have a curing time less than 3-4hrs (for on-site recycling) 
- To  have high fire resistivity at highest heat flux 
- To produce comparable mechanical strength compared to original foams 
- To have a low density 
- To have the optimum viscosity requirements (before and during curing) for 
mixing with foams 
- To be environmentally benign 
- To be cost effective in terms of curing and materials’ cost  
- To be recyclable  
 
Different types of binders could be considered as the binder for this process. Epoxy 
(or any other polymeric resins), cement and silicate (waterglass) have been 
considered as possible options. Sodium silicate solution has been chosen as the 
binder to bind shredded foams together due to its unique properties that fulfil all 
requirements listed above. In Table 4.1 the four named binders are compared in 
terms of required properties.   
 
Table 4.1 Properties comparison of different binders 
 Epoxy Silicate PDMI Cement 
Ambient Temp. curing     
Fast curing     
Density after curing     
Low viscosity before mixing     
Increased viscosity after 
mixing 
  
 
 
Environmentally benign       
Mechanical strength     
Fire resistivity     
Acoustic properties after 
curing 
  
 
 
Cost     
Recyclable     
 Very good         good       Bad            Very bad 
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As the table 4.1 suggests the best choice in using the binder for introduced recycling 
regime is silicate solution binder. Sodium silicate solution as the binder can pass all 
limitations dictated by the requirements. The binding, dispersing, sequestering, 
buffering, film-forming and anti-corrosion properties of silicates are well known 
which account for their extensive use in industry. Soluble silicates are one of the few 
inorganic materials commercially used as a binder or adhesives. That makes them 
cheap and accessible to use on-site. They are particularly suitable because of their 
exceptionally high bond strength and rapid transformation to a semi-solid state, 
caused by relatively small water losses. The environmental acceptability of silicates 
and their non-flammability, attributable to their inorganic nature, combine to make 
the silicate family quite unique. The key to the successful application of silicates is 
ensuring that the product characteristics are the optimum for the purpose. Silicate 
binders are flexible in terms of curing temperature/time. They can be cured at various 
temperatures depending upon the type of hardener [116]. Therefore having a 
hardener which could be cured at room temperature is one of their benefits. Sodium 
silicate has been chosen amongst other kind of silicate solutions (Sodium silicate, 
Potassium silicates and Lithium silicates) due to its curing process which is quicker 
than other kinds [73, 132]. In the following section details of the chosen sodium 
silicate solution are explained. In order to reduce the curing temperature and time 
whilst retaining mechanical properties, different kinds of acidic powders have been 
tested as hardeners. To increase the post cured properties of recycled samples, 
varieties of fillers as additives have been tried through out this research.  In the 
following sections, details of all raw materials and their properties and applications 
have been reported. Also details about manufacturing samples for testing are 
explained.    
 
 
4.3 Make up of liquid binder – theoretical 
considerations for the production of a structurally 
sound silicate 
 
The performance of soluble silicates is governed by such parameters as the silica to 
alkali ratio (Na/(Na+Si)), type of cation and in the case of liquors, the solids content. 
This, in turn, controls viscosity and specific gravity [133]. Soluble silicates are 
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essentially combinations of alkali metal oxide and silica with a liquid, usually water. 
Silicate solutions are uniquely defined by molar ratio and density (solids content). 
"Dry" silicate products such as powders and granules are also defined by molar ratio, 
with moisture content, particle size and bulk density often being additionally 
specified. The general formula for the soluble silicates of sodium is:  
 
xSiO2:Na2O 
 
Where: x = the molar ratio (moles of SiO2/moles of Na2O) 
 
The versatility of these products stems largely from the modification of their 
properties made possible by varying the molar ratio and the physical form in which 
the product is supplied for example liquid, powder or granules. Bulk density is 
largely independent of molar ratio, and is mainly determined by processing 
conditions. The viscosity of a soluble silicate solution is important because of its 
impact on both ease of handling and applicational properties. The viscosity of the 
higher ratio silicates rises rapidly on dehydration. This is why these siliceous 
materials are often utilized as adhesives. Temperature also has a marked impact on 
viscosity. Thick, viscous solutions at ambient temperature become much more 
mobile on heating. This eases discharge from drums and reduces pumping time and 
pressures for bulk liquids. 
 
 
The pH of a soluble silicate solution is determined by the molar ratio and 
concentration. Commercial strength solutions typically have pH values in the range 
10.9-13.5. There are different kinds of sodium silicate solution as listed in Table 4.2. 
Each grade has its own properties which affects their application.  
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Table 4.2 Ranges of sodium silicate solutions [132] 
Grade Mean Density @ 20oC. 
Mean Wt. 
Ratio 
Mean 
Molecular 
Ratio 
Mean 
Na20 
Mean 
SiO2 
Mean 
Total 
Solids 
Viscosity 
 
Specific 
Gravity Si02:Na20 Si02:Na20 % % % 
@ 20oC 
(Pa.s) 
0140 1.70 2.0 2.06 18.00 36.00 54.00 1.0 
0125 1.62 2.0 2.06 16.55 33.15 49.70 4.0 
0120 1.60 2.0 2.06 16.07 32.15 48.20 2.0 
0501 1.60 1.60 1.65 17.98 28.75 46.70 0.9 
0112 1.56 2.00 2.06 15.27 30.55 45.80 0.8 
0106 1.53 2.70 2.79 12.45 33.60 46.10 3.0 
0100 1.50 2.00 2.06 14.03 28.05 42.10 0.2 
0503 1.50 2.50 2.58 12.45 31.10 43.60 0.4 
0096 1.48 2.85 2.94 11.20 31.95 43.20 0.6 
0084 1.42 3.20 3.30 9.45 30.25 39.70 0.65-1.2 
0079 1.40 3.30 3.41 8.85 29.25 38.10 0.25-0.5 
0075 1.38 3.20 3.30 8.63 27.60 36.20 0.2 
0070 1.35 3.30 3.41 8.00 26.40 34.40 0.37 
0052 1.26 3.85 3.97 5.75 22.20 28.00 0.22 
 
Alkaline materials react with acids easily. The extent of alkalinity changes the 
reactivity between acid and alkaline material [134], mean wt. ratio representing 
extent of alkalinity. Alkalinity increases by reducing the mean wt. ratio [134]. 
Therefore the lower the mean wt ratio is, the higher reactivity with acid will be 
achieved. Due to acidity of silicate hardeners, grade 0100, which has the lowest 
mean wt. ratio amongst other grades in Table 4.2, is the most suitable grade of 
sodium silicate solution. Also viscosity plays an important role due to mixing 
problems with shredded foams (will be discussed in the following chapters). Grade 
0100 has the lowest viscosity of all the grades which helps during mixing with 
foams.  
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4.3.1 Sodium Silicate Hardeners 
 
Different ranges of soluble silicates find a wide variety of uses whether as a chemical 
building block, or as a chemical auxiliary. The inorganic chemical industry utilises 
siliceous grades of sodium silicate as a source of hydrated silica (silicic acid) which 
can then be modified by ion exchange or acid addition to make a range of hydrosols 
or hydrogels. The stability of silicate solutions depends to a large extent on pH. A 
silica hydrogel will be formed whenever the pH of a commercial strength solution 
falls below about 10. Conventional mineral acid sources can be used to initiate 
gelation. In this research aluminium phosphate acid powders known as FABUTIT 
have been selected as the hardener. FABUTIT is the commercial name of aluminium 
phosphate produced by Budenheim Ltd which has different grades with specific 
properties as listed below: 
 
 Standard: FABUTIT 748 
 Specialities: FABUTIT 320  
 Hardener with fast reactivity/accelerator: FABUTIT 305 & 298 
 
Each grade has been tested for finding the required composition as the hardener of 
chosen sodium silicate solution. 
In following sections details of each grade has been explained. Also different 
materials characterization techniques applied on these hardeners will be followed. 
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4.3.1.1 FABUTIT 320 
 
FABUTIT 320 is a modified aluminium phosphate, which is mainly designed for the 
use with sodium silicates. This modification is due to addition of zinc oxide to the 
standard hardener. In Table 4.3, the general description of F320 has been listed 
[135]. 
 
Table 4.3 FABUTIT 320 general description [135] 
Chemical description modified aluminium phosphate 
Appearance Grey powder 
Bulk weight (g/l) approx. 550 
Al2O3-content (%) approx. 23 
P2O5-content (%) approx. 40 
Solubility Practically insoluble in water 
 
FABUTIT 320 slowly decomposes in the alkaline environment of the water glass 
involving a controlled release of acid, which hence assures the complete gelation of 
the silicate. Reacting with the hardener, the precipitation products (Equation 4.1)) of 
the silicic acid start forming a network as well as a polysilica gel and zeolite phases 
(Equation 4.2) [125]. 
 
423225222 223.2 HPONaSiOHOHOPSiOONa +→++                  Equation 4.1 
 
3223223222 2232.2 OHAlNaSiOHOHOAlSiOONa +→++             Equation 4.2 
 
Meanwhile it has been found by Giskow et al., that phosphates, mainly metal 
phosphates like aluminium phosphate, are not only responsible for the controlled 
solidification of the sodium silicate solution, but also have been revealed as active 
agents for the network building process of the silicate and the formation of 
alumosilicate structures which the phosphate also ties the alkali ions [125]. 
In Table 4.3 FABUTIT 320 general descriptions has been listed. Additionally 
FABUTIT 320 improves the building of the silica cross linking in the silicate system 
[136]. FABUTIT 320 is an inorganic hardener and free of halogens. Compared to the 
standard hardener, the water and steam resistance is higher due to addition of zinc 
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oxide for the chemical modification. Additionally FABUTIT 320 causes improved 
initial strength, even at lower temperatures. FABUTIT 320 is also recognized as a 
hardener for sodium silicate bonded masses and mortars with improved water 
resistance and high pressure strength [137]. FABUTIT 320 when used in 
combination with sodium silicate allows a pot life of 1 – 2.5 hrs. A typical powder 
type mixture contains for example 10 to 12 % of a rapid dissolving sodium silicate 
and 6 to 8 % of FABUTIT 320. The water content should not exceed the amount of 
silicate and should hence also be in a range of about 10 to 12 %. It should be noted 
that the silicate/hardener compound appears to be too dry in the first few minutes 
after the addition of the correct quantity of water. The proper processing consistency 
only arises after a few minutes. When using liquid water glass, the addition ratio 
should be 20-25 % [137]. 
 
 
4.3.1.2 FABUTIT 305 
 
FABUTIT 305 is a Phosphate additive used as an accelerator. In Table 4.4, the 
general description of F305 has been listed. 
 
 
Table 4.4 FABUTIT 305 general description [138] 
Chemical description acidic aluminium tripolyphosphate 2-hydrate 
Chemical formulation AlH2P3O10 . 2 H2O 
Appearance white powder 
Al2O3-content (%) approx. 17 
P2O5-content (%) approx. 67 
Loss on ignition (%) approx. 14 
pH-value approx. 2.1 
 
 
FABUTIT 305 is a condensed aluminium phosphate, which, on account of its 
chemical properties can be used as an additive or raw material for accelerating 
hardening reaction. In the field of anti corrosion pigments the soluble P3O10 ions of 
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FABUTIT 305 react with Fe-III ions and passivate the metal surface. On account of 
its low degree of condensation and its acidic pH value FABUTIT 305 is also suitable 
as an accelerating hardener for sodium and potassium silicate, as well as hardener for 
lithium silicate. FABUTIT 305 is added to the dry raw material in amounts of 5 – 20 
% [136]. The product can be used as a dry premix or may be applied as a suspension. 
Main fields of applications are as anticorrosion pigments, hardener for water glass or 
ceramics. 
 
 
4.3.1.3 FABUTIT 748 
 
FABUTIT 748 is an aluminium phosphate, produced by a temperature treatment 
[139] and it is used as hardener for sodium silicate bonded putties. In Table 4.5, the 
general description of F748 has been listed. 
 
 
Table 4.5 FABUTIT 748 general description [140] 
Chemical description aluminium phosphate 
Appearance white powder 
pH-value (1%) approx. 3.5 
Al2O3-content (%) approx. 35 
P2O5-content (%) approx. 62 
Solubility insoluble in water 
 
 
The FABUTITE 748 hydrolyses slowly in the alkaline environment of the water 
glass and controls in this manner the pot life of the compound. The silicic acid is 
thereby precipitated as polymer silicic acid, forming an acid and water resistant bond 
(Equation 4.1 and 4.2). The pot life depends on the composition and is approx. 1 – 
2.5 h [136]. The setting is obtained after 24 hours and the water resistance after a few 
days. FABUTIT 748 is designed for sodium silicates. In combination with a rapid 
dissolving water glass single component compounds can be produced. In the case of 
two component compounds, the solids content of the used water glass should be 
approx. 40 %. The required quantity depends on the requirements. A water resistant 
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bond is obtained with a water glass powder: hardener ratio of 3:1. The water quantity 
should not exceed the water glass quantity [137]. It should be noted that the 
compound appears to be too dry in the first few minutes after the addition of the 
appropriate quantity of water. The proper processing consistency is established after 
a few minutes. In the case of using a water glass solution, the consistency is 
determined by the powder / liquid ratio [136]. A subsequent addition of water is 
detrimental to the properties of the compound. FABUTIT 748 is blended with the dry 
fillers. In the case of a single component putty the corresponding amount of water is 
added on site. The two component system is mixed on site with the liquid water 
glass.  
 
 
4.3.1.4 FABUTIT 298 
 
FABUTIT 298 is used as an accelerator for waterglass bonded mortars. In Table 4.6, 
the general description of F298 has been listed. 
   
 
Table 4.6 FABUTIT 298 general description [141] 
Chemical description metal phosphate 
Bulk density (g/l) 550 
Appearance fine, white powder 
Solubility insoluble in water 
pH-value (10 %) 7 
 
 
FABUTIT 298 is mainly developed for the use in combination with sodium silicate, 
but is also suitable for all other silicates such as potassium or lithium silicate. 
FABUTIT 298 forms acidic components in the alkaline environment of the 
waterglass, which lead to a solidification of the mixture. FABUTIT 298 is free of 
halogen and is completely inorganic. FABUTIT 298 is added as dry material in 
various amounts or may be applied as a suspension. The set time various from 0.1 – 
1 hour in accordance to the addition ratio and the amount of water [136]. FABUTIT 
298 can be blended with other phosphate hardeners to accelerate the set.  
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4.3.2 Characterization Methods 
 
Materials characterization helps to assure that the whole process of curing, mixing 
and chemical interaction is following according to the literature. Particle size 
analysis is used for measuring hardener and filler’s size distribution, X-ray 
Diffraction (XRD) for finding out the exact composition of materials, Scanning 
Electron Microscopy (SEM) for observing shape and form of hardeners/fillers and 
Energy Dispersive X-Ray (EDX) for finding elemental composition of hardeners 
with qualitative analysis are experiments performed for characterization.  
 
 
4.3.2.1 Particle Size Analysis 
 
Particle size analysis as part of characterization procedure was performed on all 
kinds of hardeners and fillers to find their size dispersion according to the standards. 
Particle size analysis is critical when optimizing the performance of raw materials, 
intermediates and finished products. The size(s) of powders especially fillers directly 
affects the curing process. The Malvern Mastersizer 2000 was used to measure the 
powder size distribution as shown in Figure 4.1. 
 
Figure 4.1 Malvern Mastersizer 2000 used as the particle size analyzer 
 
 
All powders were measured in water dispersant in the capacity of 50 – 120 ml. 
Dispersion mechanism is a continuously variable single shaft pump and stirrer with 
the speed of 350-3,500 rpm. Pump/stir was manually controlled by stand-alone tacho 
control unit with digital read-back (Figure 4.2). 
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Figure 4.2 Hydro SM small volume sample dispersion unit 
 
 
Specification details of this instrument have been listed in Table 4.7. 
 
Table 4.7 Specification of Mastersizer 2000, the particle size analyser by Malvern 
[142] 
Size range 0.02 to 2000 microns, depending on material 
properties. 
Measurement principle Mie scattering. 
Detection systems 
Red light: Forward scattering, side scattering and 
back scattering. 
Blue light: Wide angle forward and back scattering. 
Light sources Red light: Helium neon laser.  Blue light: Solid state light source. 
Optical alignment system Automatic rapid align system with dark field optical 
reticle and multi-element alignment detector. 
Sample dispersion unit 
interchange system 
Sample dispersion units automatically recognized, 
configured and enabled on insertion of measurement 
cell cassettes into optical unit. 
Power 110/240V, 50/60 Hz, 60 VA. 
 
The technique of laser diffraction is based around the principle that particles passing 
through a laser beam will scatter light at an angle that is directly related to their size. 
These particles scatter light at an angle that is inversely proportional to their size. 
The angular intensity of the scattered light is then measured by a series of 
photosensitive detectors. The number and positioning of these detectors has been 
optimized by the instrument automatically to achieve maximum resolution across a 
broad range of sizes. As the particle size decreases, the observed scattering angle 
increases logarithmically [142]. The observed scattering intensity is also dependent 
on particle sizes and diminishes, to a good approximation, in relation to the particle’s 
cross-sectional area. Large particles therefore scatter light at narrow angles with high 
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intensity whereas small particles scatter at wider angles but with low intensity. In 
Figure 4.3 schematic of this technique has been illustrated.  
 
Figure 4.3 Schematic of laser diffraction technique used in Mastersizer 2000 [142] 
 
 
The primary measurement that has to be carried out within a laser diffraction system 
is the capture of the light scattering data from the particles under study. A typical 
system consists of: 
 
 A laser, to provide a source of coherent, intense light of fixed wavelength  
 A sample presentation system to ensure that material under test passes through 
the laser beam as a homogeneous stream of particles in a known, reproducible 
state of dispersion  
 A series of detectors which are used to measure the light pattern produced over a 
wide range of angles.  
 
Accuracy of Malvern Mastersizer 2000 is ± 1%. This accuracy from instrument to 
instrument reproducibility is ± 1% on the Dv50 using the Malvern Quality Audit 
Standard. 
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4.3.2.2 Microscopy Analysis 
 
In order to characterise hardeners, fillers and also the influence of binder on 
boundary interaction of chopped foams in terms of diffusion depth the electron 
microscopy, optical microscopy and scanning of the specimens were performed. 
Scanning electron microscopy (SEM) was performed using a Jeol JSM 6300 which is 
fitted with a tungsten filament and operated at accelerating voltage of up to 30 keV. 
Secondary and back scattered images can be studied at resolution of about 3.5 nm 
and 10nm respectively. This instrument has also Energy Dispersive X-Ray (EDX) 
technique that has analytical capability and is fitted with an Oxford Instruments 
atmospheric thin window (ATW) detector for light and heavy elemental analysis. 
Qualitative and quantitative microanalyses and also X-ray maps can be performed 
using INCA Energy 300 microanalysis system (Figure 4.4). INCA Energy 300 
allows the qualitative and quantitative analysis to be performed on an image in the 
microscope and also from an image on the EDX screen. 
 
 
Figure 4.4 Scanning Electron Microscopy (SEM) with EDX technique 
 
 
Elemental analysis has been carried out by using the Energy Dispersive X-Ray 
(EDX) technique. From those main elements of each component is clear and it helps 
before doing other techniques such as FTIR or XRD. 
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4.3.3 Hardener Characterization Results 
 
In the following parts the results of characterization experiments are reported.   
 
4.3.3.1 Particle Size Characterization of Hardeners 
 
The size of powders especially fillers should be in a range that covers bigger and 
smaller powders to inhibit agglomeration, according to mixing guidelines explained 
by Giskow et. al. [125, 137]. By appropriate hardener it means that size dispersion of 
hardeners allows any filler to be dispersed in bigger and smaller sizes.  Due to the 
high extent of agglomeration by hardener powders it is important to know their size 
distribution and shape to find a suitable filler to prevent this agglomeration. 
Chemical reaction as well as physical interaction (agglomeration inhabitation by 
fillers) is considered in the next sections when fillers are explained. The results of 
size characterization carried out on chosen hardeners using the Malvern Mastersizer 
2000 are as follows.  
 
 
FABUTIT 320 
Figure 4.5 shows the size distribution of FABUTIT 320 powders.  
 
Figure 4.5 FABUTIT 320 powders size distribution 
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FABUTIT 305 
Figure 4.6 shows the size distribution of FABUTIT 305 powders.  
 
Figure 4.6 FABUTIT 305 powders size distribution 
 
 
 
 
FABUTIT 748 
Figure 4.7 shows the size distribution of FABUTIT 748 powders.  
 
Figure 4.7 FABUTIT 748 powders size distribution 
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FABUTIT 298 
Figure 4.8 shows the size distribution of FABUTIT 298 powders.  
 
Figure 4.8 FABUTIT 298 powders size distribution 
 
According to the results shown in Figure 4.5-4.8, most of FABUTIT320 powders are 
in range of 30 to 300µm, FABUTIT305 30 to 900 µm, FABUTIT748 20 to 200 µm 
and FABUTIT298 100 to 1000 µm. The size dispersion of particles is wide. 
Therefore finding an appropriate mix of fillers will be easy in this size range. This in 
fact assures that all selected phosphate hardeners are in the range of preferred sizes in 
the guideline [125] which describes hardeners (FABUTITE 320 & 748) size 
distribution in a range of less than 100microns and accelerators (FABUTITE 305 & 
298) bigger than 100microns. Therefore for a combination of FABUTIT 320 as the 
hardener and FABUTIT 305 as the accelerator the size distribution is as shown in 
Figure 4.9. 
 
Figure 4.9 FABUTITE 320 and FABUTIT 305 size dispersion 
 <20µm ~120µm 
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As the graph shows, this combination is an ideal dispersion for hardener and 
accelerators. Due to smaller size dispersion of accelerators they tend to fill the gap 
between bigger powders (hardeners). Moreover, as it highlighted in the graph fillers 
as agglomeration inhibitors could be chosen around 120µm (the gap between 
hardener and accelerators size dispersion) and smaller than 20µm (the smallest size 
dispersion for the accelerators). 
 
 
4.3.3.2 SEM of Hardeners 
 
All powders were coated by carbon using electron microscopy sputter (EMS) 550 in 
order to observe the powders under the scanning electron microscopy (SEM) and 
analyzing by EDX in a same time. Figure 4.10 shows EMS 550 carbon sputter used 
for carbon coating.  
 
 
Figure 4.10 EMS 550 carbon sputter 
 
 
The shape of powders as well as their size has some effects on agglomeration. Flat 
shaped powders have more surface area in contact and it makes it easier to react with 
other powders. Round shape powders are more difficult to agglomerate. The shapes 
of all powders have been observed under SEM.  
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Figure 4.11-4.14 show different hardener powders under the SEM.  
 
 
FABUTIT 320 
Figure 4.11 shows FABUTIT 320 powders observed by SEM technique.  
 
 
Figure 4.11 SEM of FABUTIT 320 powders 
 
 
 
FABUTIT 305 
Figure 4.12 shows FABUTIT 305 powders observed by SEM technique.  
 
 
Figure 4.12 SEM of FABUTIT 305 powders 
 
 
 
 
20µm 
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FABUTIT 748 
Figure 4.13 shows FABUTIT 748 powders observed by SEM technique.  
 
 
Figure 4.13 SEM of FABUTIT 748 powders 
 
 
FABUTIT 298 
Figure 4.14 shows FABUTIT 298 powders observed by SEM technique. 
 
 
Figure 4.14 SEM of FABUTIT 298 powders 
 
 
Results in Figure 4.11-4.14 support the size distribution that was measured by the 
particle size analyser which was described in 4.3.4.1 but due to small field of view in 
SEM and wide range of size distribution in hardener/accelerator particles, an exact 
comparison of results is not possible. From the SEM results, a shape comparison of 
powders is more targeted.  In each figure above, the shape of the powders was 
20µm 
10µm 
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observed. FABUTITE 320 and 305 are rounded spherical, FABUTITE 748 is faceted 
and FABUTITE 298 is cuboid shaped. M. Gan et. al. have observed that different 
shaped powders have different mixing behaviour and agglomeration of spherical 
shaped powders is less pronounced than for other shapes [143]. These pictures show 
that shapes of hardeners are different which affect the mixing regime due to the 
difference in surface contact with other fillers and the silicate binder. The more 
they’re cubic or like flakes, the more they tend to agglomerate [143]. Therefore the 
best hardener to choose is the rounded shaped particles which closest are FABUTIT 
320 and 305 shown in Figure 4.11 and 4.12.  
 
 
 
4.3.3.3 EDX of Hardeners 
 
Energy Dispersive X-Ray (EDX) Analysis has been carried out in order to find the 
general elemental composition of each hardener and filler in order to understand their 
behaviour during the mixing procedure after adding the sodium silicate solution. 
Also results from EDX helps to interpret the results of the XRD test.  
 
In the EDX technique, the incident beam electrons excite electrons in a lower energy 
states, prompting their ejection and resulting in the formation of electron holes within 
the atom’s electronic structure. Electrons from an outer, higher-energy shell then fill 
the holes, and the excess energy of those electrons is released in the form of X-ray 
photons. The release of these X-rays creates spectral lines that are highly specific to 
individual elements. In this way the X-ray emission data can be analyzed to 
characterize the sample. For example, the presence of copper is indicated by two so 
called K peaks (Kα and Kβ) at about 8.0 and 8.9 keV and a Lα peak at 0.85 eV. The 
principle of EDX technique has been shown in Figure 4.15 
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Figure 4.15 Principle of EDX technique 
 
 
Identifying the composition of hardeners helps to predict the chemical reactions 
between hardeners, fillers and the silicate solution. In Figure 4.16-4.19 the results of 
the EDX technique are shown. 
 
 
FABUTIT 320 
Figure 4.16 shows FABUTIT 320 powders tested under EDX technique.  
 
 
 
Figure 4.16 EDX analysis of modified hardener (FABUTIT 320) 
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FABUTIT 305 
Figure 4.17 shows FABUTIT 305 powders tested under EDX technique.  
 
 
 
 
Figure 4.17 EDX analysis of hardener with fast reactivity (FABUTIT 305) 
 
 
 
FABUTIT 748 
Figure 4.18 shows FABUTIT 748 powders tested under EDX technique.  
 
 
 
Figure 4.18 EDX analysis of standard hardener (FABUTIT 748) 
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FABUTIT 298 
Figure 4.19 shows FABUTIT 298 powders tested under EDX technique.  
 
 
 
Figure 4.19 EDX analysis of hardener with fast reactivity (FABUTIT 298) 
 
 
EDX is an analytical technique used for the elemental analysis or chemical 
characterization of a sample. As a type of spectroscopy, it relies on the investigation 
of a sample through interactions between electromagnetic radiation and matter, 
analyzing x-rays emitted by the matter in response to being hit with charged particles 
[144]. Its characterization capabilities are due in large part to the fundamental 
principle that each element has a unique atomic structure allowing x-rays that are 
characteristic of an element's atomic structure to be identified uniquely from each 
other. Therefore, each element in EDX technique has its own standard peak(s), which 
are saved in the installed software. This software matches each element to the 
peak(s) automatically which has been marked in all the graphs. As results in Figure 
4.16 to 4.19 show the main elements in all hardeners are Aluminium, Phosphate and 
Oxygen. Zinc is present in hardeners with slower reactivity which provide better 
mechanical and durability properties in the hardened silicates [136]. The represented 
EDX elemental composition graph (Figure 4.16 to 4.19) is not a quantitative result. 
The size of the peaks represents the number of counts that the EDX has measured 
and based on that quantitative measurement is not possible. Number of counts is 
number of picking information from the sample which is a function of different 
variables such as time. Therefore it is different from sample to sample.  It should be 
Energy (keV) 
Counts 
8 × 103 
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noted that the first peak in each EDX graph belongs to carbon which is the coating 
on all specimens.  
 
Qualitative analysis by EDX clarifies the approximate amount of each composed 
element in each hardener. That could be a reference to compare these hardeners and 
their effect on curing properties. This qualitative analysis by EDX on hardeners has 
been shown in Figure 4.20-4.23.  
 
 
Figure 4.20 Qualitative analysis of modified hardener (FABUTIT 320) by EDX 
technique 
 
 
 
 
Figure 4.21 Qualitative analysis of hardener with fast reactivity (FABUTIT 305) by 
EDX technique 
20 µm 
20 µm 
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Figure 4.22 Qualitative analysis of standard hardener (FABUTIT 748) by EDX 
technique 
 
 
Figure 4.23 Qualitative analysis of hardener with fast reactivity (FABUTIT 298) by 
EDX technique 
 
According to these qualitative mapping results hardeners and accelerator mainly 
contain Aluminium, Phosphate and oxygen. Zinc is mainly in FABUTIT 298 (Figure 
4.23). As explained in the second chapter amount of phosphate and Aluminium 
affect reactivity. As the Figures present, the amount of phosphate in both accelerators 
(F305 & 298) is higher than standard hardeners (F320 & 748). Also this has been 
found out from qualitative results in Figure 4.20 to 4.23 that the dispersion of 
elements in FABUTITE 305 and 298 are more uniform than FABUTITE 320 and 
748. This shows that elemental dispersion in accelerators is more uniform than 
hardeners which could be because of temperature surface treatments [137]. 
20 µm 
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4.3.3.4 XRD of Hardeners 
 
XRD tests were carried out to determine the exact composition of all different 
hardeners as listed below: 
 
• Standard Hardener: FABUTIT 748 
• Specialities: FABUTIT 320 (With improved water resistance and high pressure 
strength) 
• Hardener with fast reactivity/Accelerator: FABUTIT 298, FABUTIT 305 
 
The result from XRD clarifies the exact crystal orientation of each material. This 
could help to follow the whole process of curing and reaction according to the 
literature as discussed in Chapter 2. 
Figure 4.24-4.27 shows the result of XRD test on these hardeners. By knowing 
elemental composition of each hardener the software is capable of matching identical 
peaks to standards data. In Figure 4.24-4.27 XRD results are compared to the 
standard graph for finding the exact compositions.  
 
Figure 4.24 XRD result of modified hardener (FABUTIT 320) 
 
 
Figure 4.24 shows that FABUTIT 320 (modified hardener providing improved 
mechanical properties) contains Zincite (ZnO) added to Berlinite which is the main 
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part of standard hardener as illustrated Figure 4.25 which represent FABUTIT 748 as 
standards hardener.    
 
Figure 4.25 XRD result of standard hardener (FABUTIT 748) 
 
According to the graph in Figure 4.25, FABUTIT 748 (the standard hardener) 
contains Aluminium, Phosphate and Oxygen with exact formation of Berlinite. 
Berlinite (AlPO4) is a phosphate mineral that has a crystal structure identical to that 
of quartz. Berlinite can vary in colour from light pink to white and has translucent 
crystals. 
 
Figure 4.26 XRD result of accelerator (FABUTIT 305) 
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Figure 4.27 XRD result of accelerator (FABUTIT 298) 
 
 
As Figure 4.26 and 4.27 shows Hydrogen in FABUTIT 305 and Zinc in FABUTIT 
298 are the main added materials to the standard hardener for accelerating their 
reaction with sodium silicate solution.    All XRD results shown in Figure 4.24-4.27 
confirm chosen hardeners have exact elemental compositions as mentioned in the 
literature for curing process of sodium silicate [125, 137].  
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4.3.4 Selection of Fillers 
 
According to the literature [125, 137] different kind of fillers can be added to the 
hardeners and silicate to act as modifiers and to improve the properties of the final 
binder. In this research most of the fillers that are mainly silica based materials have 
been used to achieve mechanical properties improvements. Fillers need to be silica 
based materials to cross-link with silicate solution binder while separating hardeners 
by the concept of particle packing explained in this section. In the following sections 
all chosen fillers that are pre-mixed with aluminium phosphate are described.  
 
The main consideration in adding fillers in order to improve mechanical properties 
comes from particle packing phenomena [145, 146]. Combinations of small and 
bigger particles than the hardener allows efficient particle packing which reduces 
agglomeration.  
 
Efficient particle packing, as shown in Figure 4.28, will happen if the sizes of 
particles are in different ranges. In Figure 4.28A the gap between two particles is the 
best place for powders to be packed because of forces and chemical interactions. By 
adding smaller sizes this gap will be filled by other silica based powders which 
inhibit this agglomeration to happen (Fig. 4.28B & C). Hardeners’ size range is 
around 100 to 1000microns and fillers needs to be bigger and smaller in terms of 
size. Silica Sand plays the role of bigger particles which is more than 100micron 
(Fig. 4.31). Size distribution decreases in other fillers.   
 
     
                     A                                         B                                            C 
Figure 4.28 Particle packing to inhibit agglomeration 
 
A 
B 
C 
                                                                                                                1 
 
134
The mean inter-particle distance (MID) is calculated by the following equation [145, 
146]: 
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≠ −
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nn
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MID
                                                       Equation 4.3 
 
Where i and j are particles, r is the inter-particle distance, and no is the total number 
of particles. So the goal is to minimize the MID to inhibit agglomeration by adding 
the filler and increase mechanical properties. For example the ratio between particles 
A, B and C (A:B:C) in Figure 4.28 should be less than 6 to have the best possible 
particle packing density. 
 
 
Also for silicate binder fillers are better to be silica based materials to be more 
chemical compatible and make the cross-linking between the filler/hardener and 
silicate. As it is shown in Figure 4.29, silica based materials because of silicate 
structure which has free Si and Oxygen to link with, can easily react with sodium 
silicate solution and make crystalline δ-Na2Si2O5 [147]. Other types of fillers (like 
carbonate fillers) needs more energy for this type of reaction [148]. 
 
 
        
Figure 4.29 Chemical structure of sodium silicate solution [147] 
 
 
Therefore agglomeration stops because fillers allow the silicate to diffuse between 
hardener powders by this reaction and as a result mechanical properties will improve. 
Four different silica based fillers have been chosen to act as the filler with properties 
as mentioned above. These fillers have been tried on the silicate/hardener mixture by 
Giskow et. al. [125, 137]. 
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4.3.4.1 Silica Sand 
 
Silica sand, often termed as industrial sand, contains a high proportion of silica in the 
form of quartz. The selected silica sand in this research is a grain shape rounded 
silica sand powder. Physical and chemical analysis of the powder is described in 
Table 4.8 and 4.9. 
 
Table 4.8 Physical analysis of silica sand [149] 
Microns 
Typical % 
Retained 
Each Sieve 
Limit 
% 
Typical % 
Cumulative 
Retained 
Limit % 
Typical % 
Cumulative 
Passing 
Limit % 
1000 0.0 0.1 Max 0.0 0.1 Max 100.0 99.9 Min 
710 0.0  0.0 0.5 Max 100.0 99.5 Min 
500 0.6  0.6 5.0 Max 99.4 95.0 Min 
355 8.4  9.0  91.0  
250 48.3  57.3  42.7  
212 20.9  78.2  21.8  
180 10.7  88.9  11.1  
150 7.4  96.3  3.7  
125 2.5  98.8 96 Min 1.2 4.0 Max 
90 1.2  100.0  0.0  
63 0.0  100.0  0.0  
-63 0  100.0  0.0  
Average Grain Size 267 Microns 
Loose Bulk Density kg/m3 1580 
 
 
Table 4.9 Chemical analysis of silica sand [149] 
 
Typical % Limit % 
SiO2 97.30 96.00 Min 
Fe2O3 0.10 0.12 Max 
Al2O3 1.37 1.55 Max 
K2O 0.83  
LOI 0.25 0.40 Max 
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4.3.4.2 Silica Flour 
 
Silica flours are made from ground silica and are used as a filler in many 
applications. They can also be used as a mild abrasive in many polishing applications 
and consumer products. Physical and chemical analysis of the silica flour powder is 
described in Table 4.10 and 4.11. 
 
Table 4.10 Physical analysis of silica flour [150] 
Microns 
Typical % 
Retained 
Each Sieve 
Typical % 
Cumulative 
Retained 
Limit % 
Typical % 
Cumulative 
Passing 
Limit % 
53 0.3 0.3 0.5 Max 99.7 99.5 Min 
40  5.7  94.3  
30  12.3  87.7  
20  25.7  74.3  
10  49.5 43 - 53 50.5 47 - 57 
5  66.6  33.4  
  
 
Table 4.11 Chemical analysis of silica flour [150] 
 
Typical % Limit % 
SiO2 98.4 98.0 Min 
Fe2O3 0.029 0.035 Max 
Al2O3 0.70 0.90 Max 
K2O 0.35 0.55 Max 
Na2O 0.04 0.1 Max 
Cr2O3 0.0003 0.0007 Max 
TiO2 0.07 0.1 Max 
LOI 0.2 0.25 Max 
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4.3.4.3 Clay 
 
Clay is a term used to describe a group of hydrous aluminium phyllosilicate 
(phyllosilicates being a subgroup of silicate minerals) minerals, that are typically less 
than 2 µm (micrometres) in diameter. In Table 4.12 and 4.13, chemical and physical 
analysis of chosen clay has been described.  
 
 
Table 4.12 Chemical analysis of clay [151] 
 
Ultimate Analysis (%) 
SiO2 49.1 
TiO2 <0.1 
Al2O3 35.1 
Fe2O3 0.9 
CaO 0.07 
MgO 0.3 
K2O 2.9 
Na2O 0.2 
Loss on Ignition at 950OC 11.4 
 
Table 4.13 Physical analysis of clay [151] 
Microns: 1 2 5 10 20 
Undersize % 36 49 75 94 99 
 
Also the mineral composition of clay powder which has been derived from X-ray 
diffraction measurements and calculations based upon chemical analysis are listed in 
Table 4.14. 
Table 4.14 Mineral composition of clay [151] 
Kaolinite 63 % 
Potash Mica 25 % 
Soda Mica 3 % 
Quartz 7 % 
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4.3.4.4 Microsilica 
 
Microsilica finds a wide range of applications as the filler in high-strength concrete 
applications. This product comprises microscopic particles collected by filters 
downstream from the smelting process in silicon and ferrosilicon plants. Adding it to 
concrete and other materials, increases their density and wear resistance, which 
extends the life of structures. 
 
Microsilica grade 940 is a dry silica fume which is available in two forms:  
 
 Undensified  
 Densified   
 
In this research undensified microsilica 940 has been used due to its lower density 
amongst other kind of Microsilica powders. In Table 4.15 chemical and physical 
analysis of this filler has been described. 
 
Table 4.15 Chemical and physical properties of Microsilica [152] 
Chemical and Physical Requirements Specification (Characteristic Values) 
SiO2 (%) > 90 
H2O < 1,0 
Loss On Ignition LOI (%) <3,0 
Retained on 45microns screen (Tested 
on Undensified, %) 
<1,5 
Bulk Density-Undensified (kg/m3) 200-350 
Bulk Density-Densified (kg/m3) 500-700 
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4.3.5 Filler characterization results 
 
 
4.3.5.1 Particle Size Characterization of Fillers 
 
As mentioned in 4.3.5 one of the roles of filler is its ability to prevent agglomeration 
of hardeners using particle packing theory. Therefore their size distribution and 
shape is important. It needs to be in a range that covers bigger and smaller sizes of 
hardeners (according to the particle packing theory). In Figure 4.30 size distribution 
of modified hardener (FABUTIT 320) and accelerator (FABUTIT 305) is shown.  
 
 
Figure 4.30 FABUTITE 320 and FABUTIT 305 size dispersion 
 
 
As it is highlighted there is gap between hardener and accelerator in terms of size 
which is around 120µm and also any particles smaller than 20µm is needed. Size 
characterization carried out using a Malvern Mastersizer 2000 on the chosen fillers is 
shown next. 
 
 
 
 
 
 <20µm 
~120µm 
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Silica Sand 
Figure 4.31 shows the size distribution of Silica Sand powders.  
 
 
Figure 4.31 Silica sand particles size distribution 
 
 
Silica Flour 
Figure 4.32 shows the size distribution of Silica Flour powders.  
 
 
Figure 4.32 Silica flour particles size distribution 
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Microsilica 
Figure 4.33 shows the size distribution of Elkem Microsilica powders.  
 
 
Figure 4.33 Microsilica particles size distribution 
 
Clay 
Figure 4.34 shows the size distribution of Clay powders.  
 
 
Figure 4.34 Clay particles size distribution 
 
 
Figure 4.31 to 4.34 shows the size distribution of filler powders. Combination of 
small and bigger particles than hardener cause particle packing which reduces 
agglomeration. Particle packing as shown in Figure 4.28 happens if sizes of particles 
are in different ranges compared to the hardeners. Figure 4.35 shows particle 
distribution of all fillers. According to particle size analysis combination size 
distributions for fillers and hardeners could stop agglomeration as explained in 4.3.5.  
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Figure 4.35 Particle size distribution of all chosen filler 
 
As this graph shows fillers cover a wide range of sizes and by selecting a proper 
combination of hardener and filler stopping agglomeration could be achieved. In 
Figure 4.36 size distribution coverage of fillers compare to hardeners is illustrated. 
   
 
Figure 4.36 Size distribution of fillers compare to hardener 
 
As this graph shows silica sand is a good candidate to fill the gap between FABUTIT 
320 and 305. Silica flour also could be considered as the smaller particles could be 
more appropriate than microsilica and clay. In the following parts effect of each filler 
on mechanical properties of the binder is investigated. As explained in 4.3.4.2 shapes 
of powders affect mixing conditions. Therefore observation of fillers shape by SEM 
as well as hardeners (Figure 4.11-4.14) needs to be performed.   
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4.3.5.2 SEM 
 
As it was explained in last section the shape of powders has some effects on 
agglomeration as well as their size. Spherical shape powders do not agglomerate as 
much as other powders [143]. This could help to find the suitable filler for mixing 
with the hardeners. Therefore SEM has been performed on fillers to determine their 
shape. All powders were coated by carbon in order to observe the powders under the 
SEM (Scanning Electron Microscopy) with EDX analysis. EDX analysis finds the 
elemental composition of hardeners. As explained in 4.3.4 fillers are planned to be 
silica based materials. The elemental composition of each filler is identified by 
performing the EDX technique.  
 
SEM test performed on chosen powders according to the results from particle size 
analyses. Figure 4.37 to 4.40 show SEM results of all fillers.  
 
 
Silica Sand 
Figure 4.37 shows Silica Sand powders observed by SEM technique. 
 
 
Figure 4.37 SEM of silica sand powders 
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Silica Flour 
Figure 4.38 shows Silica Flour powders observed by SEM technique. 
 
 
Figure 4.38 SEM of silica flour powders 
 
Microsilica 
Figure 4.39 shows Microsilica powders observed by SEM technique. 
 
 
Figure 4.39 SEM of microsilica powders 
 
Clay 
Figure 4.40 shows Clay powders observed by SEM technique. 
 
Figure 4.40 SEM of clay powders 
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As these figures show the size distribution and shape of the powders are comparable 
with the ranges that are found in the literature [125, 137, 145]. Due to short field of 
view (less than 1mm) and wide range of dispersion the size analysis result from 
Malvern Mastersizer 2000 cannot be confirmed by the SEM results. SEM results 
(Figure 4.37-4.40) should be considered for shape analysis. Silica Sand and 
microsilica are roughly spherical, silica flour is nailed-shape with a rough surface 
while clay consists of flakes. Sand particles are in the range of 0.125 – 0.5 mm and 0 
– 0.063 mm for Silica Flour [137]. As discussed earlier in 4.3.4.5 their size 
dispersion is suitable for mixing with hardeners. Also silica sand, due to its spherical 
shape, appropriate size (as stated in 4.3.4.5) and high surface energy prevents 
agglomeration of hardeners during the mixing procedure by separating hardener 
particles. As mentioned before in 4.3.4.5 clay and microsilica due to their size 
dispersion might not be suitable but in terms of shape, clay could be lubricated by 
sliding platelets during compaction which needs to be found out in mechanical 
testing experiments (5.4.1).  
 
 
4.3.5.3 EDX 
 
Energy Dispersive X-Ray (EDX) Analysis has been carried out in order to find 
elemental composition of each filler in order to understand their behaviour during 
mixing after adding the sodium silicate solution. For each filler as well as hardeners, 
the elemental composition plays a significant role in controlling the reaction and 
their behaviour.  Therefore EDX Analysis has been carried on selected fillers after 
particle size analysis and SEM. In Figure 4.41-4.44 and in Table 4.16-4.19 quantitive 
EDX analysis has been shown. This quantitive analysis has been carried out using 
INCA Energy 300 system.  
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Silica Sand 
 
In Figure 4.41 elemental composition of chosen silica sand is shown in the graph. 
Also Table 4.16 describes the amount of each element in this powder.  
 
 
 
Figure 4.41 EDX analysis of silica sand 
 
 
 
 
Table 4.16 Quantitive analysis of silica sand by EDX technique 
Element Weight% Atomic% 
O  51 65 
Si  49 35 
 
 
As both Figure 4.41 and Table 4.16 show the main participant elements are Silicon 
and Oxygen. 
 
 
 
 
 
 
Energy (keV) 
Counts 
2 × 104 
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Silica Flour 
 
In Figure 4.42 elemental composition of silica flour is shown in the graph. Also 
Table 4.17 describes the amount of each element in this powder. 
 
 
 
Figure 4.42 EDX analysis of silica flour 
 
 
 
Table 4.17 Quantitive analysis of silica flour by EDX technique 
Element Weight% Atomic% 
O  65 77 
Si  35 23 
 
As both Figure 4.42 and Table 4.17 show the main participant elements are Silicon 
and Oxygen. 
 
 
 
 
 
 
 
 
 
Energy (keV) 
Counts 
2 × 103 
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Microsilica 
 
In Figure 4.43 elemental composition of microsilica is shown in the graph. Also 
Table 4.18 describes the amount of each element in this powder. 
 
 
 
Figure 4.43 EDX analysis of microsilica 
 
 
Table 4.18 Quantitive analysis of microsilica by EDX technique 
Element Weight% Atomic% 
O  64 75 
Si  36 25 
 
As both Figure 4.43 and Table 4.18 show the main participant elements are Silicon 
and Oxygen. 
 
 
 
 
 
 
 
 
 
 
 
Energy (keV) 
Counts 
103 
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Clay 
 
In Figure 4.44 elemental composition of clay (kaolin) are shown in the graph. Also 
Table 4.19 describes the amount of each element in this powder. 
 
 
 
Figure 4.44 EDX analysis of clay 
 
 
Table 4.19 Quantitive analysis of clay by EDX technique 
Element Weight% Atomic% 
O  55 68 
Al  20 15 
Si  25 17 
 
As both Figure 4.44 and Table 4.19 show the main participant elements are Silicon, 
Oxygen and Aluminium. 
 
As shown in Figure 4.41-4.44 and Table 4.16-4.19 all fillers are silica based powders 
without any impurity. Therefore XRD testing is not a necessary experiment to 
perform to find the exact composition.  
 
 
 
 
 
Energy (keV) 
Counts 
103 
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4.4 Summary 
 
As discussed earlier in this chapter (4.2) sodium silicate solution, due to its unique 
properties compared to other type of binders, is suitable candidate for mixing with 
fragmented foam. Amongst different kinds of sodium silicate, a grade with high 
alkalinity and low viscosity (200 cP) has been chosen. 
 
Aluminium phosphate hardeners/accelerators have been chosen due to complete and 
fast reactivity with silicate binders and resulting reasonable mechanical properties. 
For inhibitation of agglomeration, fillers need to be added to hardeners before mixing 
with the binder. These need to be silica based fillers to cross-link with the silicate 
solution. There are different silica based fillers and, depending on their size 
dispersion which affects agglomeration, they have been selected (particle packing 
effect). According to size dispersion of hardeners, accelerator and fillers, FABUTIT 
320 as the hardener, FABUTIT 305 as the accelerator, silica sand, silica flour, 
microsilica and clay as fillers have been chosen. Amongst fillers silica sand and 
silica flour has the best particle size combination with hardeners. In the next chapter 
the effect of adding each hardener, accelerator and filler on curing and mechanical 
properties of cured binder has been investigated. 
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CHAPTER 5                        
BINDER DEVELOPEMENT 
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5.1 Introduction 
 
In this chapter a curing procedure for the binder is discussed. A key role in this stage 
is for the binder to cure in the shortest possible time at room temperature and also be 
capable of wetting the foams while they are being mixed together. Sodium silicate 
curing without adding any hardener happens slowly at temperatures more than      
120 °C [116]. By using a suitable filler, hardener and accelerator, the curing time and 
temperature can be decreased [125, 137, 153]. By visual observation it was observed 
that using fillers increases the viscosity. Using a binder with a high viscosity inhibits 
wet-ability of shredded foams which has been observed in the sample making 
process. The binder and fragmented foams are difficult to mix properly. These 
factors affect the final properties of the recycled product.  
 
 
5.2 Final binder characterization methods 
 
Binder characterisation provides a better understanding of the hardening procedure. 
The best way of tracking hardening is by thermal analysis. The full thermal analysis 
system used comprised two different techniques. Each technique characterized the 
sample in a particular way. The combination of all the results simplifies 
interpretation. DSC measures the heat flow and the rheometer the viscosity changes 
during curing. Both of these measurement quantities change as a function of 
temperature or time. The result of viscosity measurements by the rheometer reflects 
curing by measuring the viscosity after certain amount of time at various 
temperatures. By measuring the required time at a certain temperature (ambient 
temperature in this research), the curing time will be identified. Details of each 
technique have been explained in following sections. 
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5.2.1 Compression Testing 
 
The compression test was conducted in accordance with the general procedure 
outlined in ASTM Standard C579 – 82 [154]. Cylindrical cast binder samples size 
25mm in diameter and height were used. Compression tests were conducted using 
the Instron 6025 mechanical test machine. For strength determination a load cell 
range of 100kN was used with a crosshead speed of 1mm/min.  
 
 
5.2.2 pH Measurement 
 
Sodium silicate cures by adding aluminium phosphate hardeners whenever its pH 
becomes less than 9 [155]. As part of curing process the pH was measured by Mettler 
Toledo pH analyser.  
 
 
5.2.3 Differential Scanning Calorimetry (DSC) 
 
Differential scanning calorimetry (DSC) is the most frequently used thermal analysis 
technique. DSC measures enthalpy changes in samples due to changes in their 
physical and chemical properties as a function of temperature or time. This test 
carried out by Mettler Toledo DSC1 machine as shown in Figure 5.1.  
 
Figure 5.1 Mettler Toldeo DSC machine 
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Differential Scanning Calorimetry (DSC) measures the difference between the heat 
flows from the sample and reference sides of a sensor as a function of temperature or 
time. Differences in heat flow arise when a sample absorbs or releases heat due to 
thermal effects such as melting, crystallization, chemical reactions, polymorphic 
transitions, vaporization and many other processes. Specific heat capacities and 
changes in heat capacity, for example during a glass transition, can also be 
determined from the difference in heat flow. The Mettler Toledo DSC1 
specifications are described in Table 5.1. 
 
Table 5.1 Mettler Toledo DSC1 specifications [156] 
Temperature data 
air cooling RT-500 °C (200 W) RT-700 °C (400 W) 
cryostat cooling -50 °C - 450 °C -50 °C - 700 °C 
IntraCooler -100 °C - 450 °C -100 °C - 550 °C Temperature range 
liquid nitrogen 
cooling -150 °C - 500 °C -150 °C - 700 °C 
Temperature accuracy ± 0.2 K 
Temperature precision ± 0.02 K 
Furnace temperature resolution ± 0.00006 K 
Heating rate 2) RT … 700 °C 0.02 K - 300 K/min 
Cooling rate 0.02 K - 50 K/min 
air cooling 8 min (500 °C - 100 
°C) 
9 min (700 °C - 100 
°C) 
cryostat cooling 5 min (100 °C - 0 °C) 
IntraCooler 5 min (100 °C - 0 °C) Cooling time 
liquid nitrogen 
cooling 15 min (100 °C - -100 °C) 
Calorimetric data 
Sensor type FRS5 HSS7 
Sensor material Ceramic 
Number of thermocouples 56 120 
Signal time constant 1.7 s 3.9 s 
Indium peak (height to width) 17 6.9 
resolution 0.12 0.30 TAWN 
sensitivity 11.9 56.5 
at 100 °C ± 350 mW ± 160 mW 
at 700 °C (FRS5) ± 200 mW  Measurement range 
at 500 °C (HSS7)  ± 140 mW 
Resolution 0.04 µW 0.01 µW 
Digital resolution 16.8 million points 
Sampling 
Sampling rate maximum 50 values/second 
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    A                                                        B 
Figure 5.2 A) Schematics of Mettler Toledo DSC and B) its furnace chamber [156] 
 
 
 
The sample robot can remove the protective crucible lid from the crucible or pierces 
the lid of hermetically sealed aluminium crucibles immediately before measurement. 
This feature prevents the sample taking up or losing moisture between weighing-in 
and measurement. It also protects oxygen-sensitive samples from oxidation. In the 
whole procedures liquid nitrogen is used due to cooling flexibility. Using liquid 
nitrogen also allows measurement over the entire temperature range. The furnace 
chamber can be purged with a defined gas flow. The software-controlled mass flow 
gas controller measures and regulates the gas flow between 0 and 200 mL/min and 
automatically switches up to 4 gases. Choose to regulate and switch gases such as 
air, nitrogen, oxygen, argon, CO2, CO and inert hydrogen and expand your 
experimental possibilities. One of the benefits of the DSC is that only small amount 
of materials is sufficient for running an experiment.  There are different kind of 
crucibles are made of different materials and volumes ranging from 20 to 900 µL 
depends on the application.  In this project stainless steel medium pressure 120 µL 
crucibles without centring pin has been used.  
 
 
 
 
 
 
                                                                                                                1 
 
156
5.2.4 Rheology Measurement 
 
Rheology measurements track the viscosity changes of the binder against time or 
temperature. For this purpose the AR2000 rheometer was used which includes an 
ultra-low inertia drag cup motor and porous carbon air bearings for controlled stress, 
direct strain and controlled rate performance (Figure 5.3). The AR2000 features the 
original Smart Swap™ quick interchanging and self-configuring environmental 
systems. This is the only machine that indicates the curing temperature and time for 
silicate binders. 
 
Figure 5.3 AR2000 Rheometer designed by TA Instruments [157] 
 
 
In Table 5.2 specifications of AR2000 rheometer are listed. 
 
Table 5.2 AR2000 rheometer specifications [157] 
Minimum Torque Oscillation CR  0.03 µN.m  
Minimum Torque Oscillation CS  0.1 µN.m  
Minimum Torque Steady CR  0.05 µN.m  
Minimum Torque Steady CS  0.1 µN.m  
Maximum Torque  200 mN.m  
Torque Resolution  1 nN.m  
Motor Inertia  15 µN.m.s  
Angular Velocity Range CS  0 to 300 rad/s  
Angular Velocity Range CR  1E-8 to 300 rad/s  
Frequency Range  7.5E-7 to 628 rad/s  
Step Change in Velocity  25 ms  
Step Change in Strain  60 ms  
Normal/Axial Force Range  0.005 to 50 N  
Environmental Test Chamber (ETC)  -160 to 600 °C  
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The parallel plate system allows samples containing particles to be effectively 
measured and that’s why this geometry has been chosen in this project. The gap can 
be set to any distance depending on the particle size(s). A good rule of thumb for 
particulate materials is to set a gap size set at least 10 times greatest particle size. A 
schematic of a parallel plate is shown in Figure 5.4.  
 
 
 
Figure 5.4 The Parallel plate systems  
 
 
The shear rate and shear stress in this technique calculated by Equation 5.1 and 5.2. 
 
 
Shear rate (s-1) = Fγ .ω                                                                               
Equation 5.1 
 
Where Fγ = R/D, R is the radius of the disk, D is the thickness of the specimen and 
ω is the angular velocity.   
 
 
Shear stress (Pa) = Fσ T                                                                             
Equation 5.2 
 
Where Fσ = 2/piR3 
 
 
 
 
 
 
 
 
R 
Angular velocity 
 ω rad s-1 
Torque (M) 
D (gap) 
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5.3 Sample Preparation 
 
Two kinds of samples need to be prepared in this research. Firstly in order to 
evaluate properties of binder before mixing it with foams, binder samples were 
prepared with different percentages of hardener, fillers and accelerators. From these 
samples and their results the best possible composition of binder is determined. 
Subsequently, recycled samples were prepared by mixing fragmented foams and 
chosen binder according to the results from the first series of samples. Polymeric 
foams were chopped to different size distributions by a shredder modified for this 
project which will be discussed in chapter 6. In the following sections, the binder 
samples preparation procedure is explained. 
 
 
5.3.1 Mixing  
 
A sufficient amount of the sodium silicate solution, hardener and fillers in the 
proportions were mixed for manufacturing standard binder samples. This mixture’s 
proportion varies for evaluating the effect of each component (sodium silicate 
solution, hardener, filler and accelerator) in the binder. This mixture has been 
designed for achieving maximum strength of silicate binder. Silica sand, silica flour, 
clay and microsilica have been chosen by the reasons discussed in the previous 
chapter. As discussed in 4.3.6.1 FABUTIT 320 and FABUTIT 305 have been chosen 
amongst other hardeners due to their particle size combination (which allows fillers 
to pack between particles) and rounded spherical shape to inhibit agglomeration.  
 
Different proportions of each material have direct effects on viscosity, curing time, 
curing temperature and compression strength. Therefore 5 different samples were 
prepared by changing the amount of each element one by one and making other 
materials constant. As an example for evaluating the effect of silica sand, 5 samples 
by mixing 0 to 15.22g of silica sand and standard amount of other materials 
prepared. This shows the effects of each filler or hardener on the final properties by 
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changing its weight percentages. After curing these samples are ready for 
compression testing.     
 
5.3.2 Moulding & Conditioning  
 
The binders’ compression testing samples were manufactured according to ASTM 
Standard C579-82 for investigating the effects of each fillers and hardener on 
compressive strength of cured samples [158]. Therefore according this standard the 
mould for casting the samples has been designed as shown in Figure 5.5. 
 
 
Figure 5.5 Designed mould for binders’ compression testing samples 
 
 
All samples were aged for a period of at least 7 days, including the cure period in the 
mould, at room temperature (25◦C) and humidity less than 80 % before removing and 
testing. Samples were cylinders 25±1.6mm in diameter by 25±1.6mm in high. If the 
faces of the specimens were not flat, smooth, and normal to the cylinder axis, they 
were sanded, ground, or machined to specification.  
 
 
5.4 Final binder characterization results  
 
5.4.1 Curing by using fillers & hardener  
 
According to the protocol [137, 139, 155] for using phosphate hardener there are 
varieties of fillers used in this process. This technique has been tested on cured 
samples of silicates before [125, 137]. There has not been any investigation in the 
 
25mm 
PTFE Mould 25mm 
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literature on the effects of each filler and hardener on the final properties of cured 
samples especially compression strength which represent the strength of sample after 
curing or, in other words, the quality of curing. Fillers increase viscosity and 
reducing filler’s proportion in the mixture could reduce viscosity. Therefore the 
importance of each filler in the final binder could be observed by strength 
measurement of binders with different amount of each filler. In this part, the effect of 
each filler on compression strength of the binder has been evaluated by changing 
amounts of each component and keeping amounts of others constant. From these 
results it could be concluded that using some fillers according to the compression 
testing results is not necessary which helps reaching to lower viscosities. A sufficient 
amount of the sodium silicate solution, hardener and fillers according to proportions 
in the protocol [137] for phosphate hardener were mixed for manufacturing standard 
samples (Table 5.3). This formulation is a standard formulation derived by Giskow 
et. al. as the inventors of phosphate hardeners for silicate solutions [125, 137]. 
Fillers, due to having silica based structure, increase alkalinity of hardener/silicate 
mixture. As explained in 4.3 increases in alkalinity of mixture helps faster and better 
reactivity between hardener and silicate solution (or other silica based materials). 
Also fillers act as inhibitors of agglomerations which results rapid gelation of 
silicate. Therefore depending on the FABUTIT and fillers size dispersion, different 
amounts of fillers have been tested in Giskow et. al. research [137]. The final 
recommended proportion in Table 5.3 is based on testing reported in their research.   
 
 
Table 5.3 Standard binder’s formulation 
Normal Mixture 
 Silica Sand Silica Flour Microsilica Clay Hardener Waterglass 
g 15.22 7.61 0.75 0.504 1.26 7.61 
wt% 46.15 23.07 2.30 1.53 3.84 23.07 
  
 
The formulation in Table 5.3 is based on manufacturing samples for building 
applications. Therefore viscosity of the binder after mixing fillers has not been an 
issue. But in this research silicate binder needs to be mixed with foam particles 
before curing which requires low viscosity of the binder for better wetting. In this 
part samples with different proportions of fillers and hardeners have been tested to 
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find the best formulation of silicate, hardener and fillers, while viscosity is 
considered for reaching to its minimum.  
 
Test specimens to be used in accordance with this standard were prepared as 
described in 5.3. Different series of tests prepared to find the effect of each specific 
kind of filler, hardener and sodium silicate solution on compressive strength of final 
products. In each series different amounts of specified materials were mixed with 
constant amounts of other materials according to standard mixing formulation (Table 
5.3). In the following sections details of results for each filler, hardener and binder 
solution are described. 
 
 
5.4.1.1 Silica Sand 
 
In Table 5.4 the formulation of 5 different samples for comparison of silica sand 
effects on compressive strength has been listed. The amount of silica flour, 
microsilica, clay, hardener and waterglass has been kept constant and the silica sand 
content is varied to find the effect on mechanical properties. According to Table 5.3 
the preferred amount of silica sand is 15.22g [125, 137]. In this part more and less 
amount of silica sand has been tested with constant amount of hardener and other 
fillers. In other parts less amount of each filler according to Table 5.3 has been 
chosen. This is because more amount of other fillers affect viscosity which inhibits 
curing.   
 
Table 5.4 Silica sand samples’ formulation 
Silica Sand 
 Silica Sand 
(g) 
Silica Flour 
(g) 
Microsilica 
(g) 
Clay 
(g) 
Hardener 
F320 
(g) 
Waterglass 
0100 
(g) 
Sample 1 0 14.99 1.49 0.845 2.496 14.99 
Sample 2 7.49      
Sample 3 14.99      
Sample 4 22.49      
Sample 5 29.99 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Figure 5.6 illustrates the result of compression testing on samples prepared with 
different amount of silica sand as listed in Table 5.4. 
Figure 5.6 Effect of different amount of silica sand on compressive strength 
 
 
As the graph in Figure 5.6 shows silica sand content, has a big influence on the 
properties of cured samples. Therefore an optimum amount of silica sand is 
necessary for making a strong sample cured at room temperature. This shows that 
silica sand, because of its rounded spherical shape and size which can fill the space 
between hardener and accelerator can inhibit agglomeration. Due to its silica based 
composition it also cross-links with the silicate solution (As explained in 4.3.5). 
 
 
5.4.1.2 Silica Flour 
 
In Table 5.5 the formulation of 5 different samples for comparison of silica flour 
effects on compressive strength has been listed. This formulation starts with the 
mixture that contains no silica flour and gradually in each sample amount of silica 
flour has been added by keeping hardener and other fillers constant.  
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10 
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Table 5.5 Silica flour samples’ formulation 
Silica Flour 
 Silica Sand 
(g) 
Silica Flour 
(g) 
Microsilica 
(g) 
Clay 
(g) 
Hardener 
F320 
(g) 
Waterglass 
0100 
(g) 
Sample 1 15.22 0 0.75 0.504 1.26 7.61 
Sample 2  1.90     
Sample 3  3.80     
Sample 4  5.70     
Sample 5  7.61     
 
Figure 5.7 illustrates the result of compression testing on samples prepared with 
different amount of silica flour. 
 
Figure 5.7 Effect of different amount of silica flour on compressive strength 
 
As the graph in Figure 5.7 shows, as with the silica sand, there is a big influence of 
content on properties of cured samples. As discussed in particle size analysis of 
fillers, the small size distribution (0.2-80µm) of silica flour allows it to move easily 
between other particles including hardener and accelerator. Moreover due to silica 
based composition it gradually dissolves as well as silica sand in the silicate binder 
and cross links with the hardeners.  
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5.4.1.3 Microsilica 
 
In Table 5.6 the formulation of 5 different samples for comparison of Microsilica 
effects on compressive strength has been listed. This formulation starts with the 
mixture that contains no microsilica and gradually in each sample amount of 
microsilica has been added by keeping hardener and other fillers constant. 
 
Table 5.6 Microsilica samples’ formulation 
Microsilica 
 Silica Sand 
(g) 
Silica Flour 
(g) 
Microsilica 
(g) 
Clay 
(g) 
Hardener 
F320 
(g) 
Waterglass 
0100 
(g) 
Sample 1 15.22 7.61 0 0.504 1.26 7.61 
Sample 2   0.18    
Sample 3   0.37    
Sample 4   0.56    
Sample 5   0.75    
 
Figure 5.8 illustrates the result of compression testing on samples prepared with 
different amount of Microsilica. 
 
Figure 5.8 Effect of different amount of Microsilica on compressive strength 
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As the graph shows there is a small influence by Microsilica on cured sample’s 
compressive strength. Therefore for keeping the viscosity as low as possible it could 
be excluded from the standard mixing formulation. 
 
5.4.1.4 Clay 
 
In Table 5.7 the formulation of 5 different samples for comparison of Clay effects on 
compressive strength has been listed. This formulation starts with the mixture that 
contains no clay and gradually in each sample amount of clay has been added by 
keeping hardener and other fillers constant. 
 
Table 5.7 Clay samples’ formulation 
Clay 
 Silica Sand 
(g) 
Silica Flour 
(g) 
Microsilica 
(g) 
Clay 
(g) 
Hardener 
F320 
(g) 
Waterglass 
0100 
(g) 
Sample 1 15.22 7.61 0.75 0 1.26 7.61 
Sample 2    0.13   
Sample 3    0.26   
Sample 4    0.38   
Sample 5    0.50   
 
 
Figure 5.9 illustrates the result of compression testing on samples prepared with 
different amount of Clay. 
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Figure 5.9 Effect of different amount of Clay on compressive strength 
 
This graph shows there is a small influence by Clay on cured sample. As well as 
Microsilica, for keeping the viscosity as low as possible it could be excluded from 
the standard mixing formulation. 
 
 
5.4.1.5 Hardener 
 
In Table 5.8 the formulation of 5 different samples with different amount of hardener 
(F320) for comparison of their compressive strength has been listed. This 
formulation starts with the mixture that contains no hardener and gradually in each 
sample the amount of hardener has been added by keeping other fillers constant.  
 
Table 5.8 Samples with different amount of hardener (F320) 
Hardener 
 Silica 
Sand 
(g) 
Silica 
Flour 
(g) 
Microsilica 
(g) 
Clay 
(g) 
Hardener 
F320 
(g) 
Waterglass 
0100 
(g) 
Sample 1 15.22 7.61 0.75 0.504 0 7.61 
Sample 2     0.42  
Sample 3     0.84  
Sample 4     1.26  
Sample 5     1.68 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Figure 5.10 illustrates the result of compression testing on samples prepared with 
different amount of hardener (F320). Sample 1 & 2 was not cured due to insufficient 
amount of hardener and therefore performing mechanical testing is not possible. Also 
for samples above 1.68g the viscosity is high and mixing is difficult.  
Figure 5.10 Effect of different amount of hardener (F320) on compressive strength 
 
 
As the graph in Figure 5.10 shows there is a big influence by the amount of hardener 
on curing time/temperature and also compressive strength. Insufficient amount of 
hardener cause no curing at room temperature. Higher amounts of hardener increase 
the compressive strength and binding.  
 
 
5.4.1.6 Sodium silicate solution 
 
In table 5.9 the formulation of 5 different samples with different amount of sodium 
silicate solution (water-glass) as the binder for comparison of their compressive 
strength has been listed. 
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Table 5.9 Samples with different amount of water-glass 
 Silica Sand 
(g) 
Silica Flour 
(g) 
Microsilica 
(g) 
Clay 
(g) 
Hardener 
F320 
(g) 
Waterglass 
0100 
(g) 
Sample 1 15.22 7.61 0.75 0.504 1.26 7.61 
Sample 2      10.14 
Sample 3      12.68 
Sample 4      15.21 
Sample 5      17.75 
 
 
Figure 5.11 illustrates the result of compression testing on samples prepared with 
different amount of Sodium Silicate Solution (0100). Sample 1, 2 & 3 was not cured 
due to higher proportion of Sodium Silicate Solution as the binder. Mechanical 
testing on uncured samples (which has fluidity) was not possible. 
 
Figure 5.11 Effect of different amount of binder on compressive strength 
 
 
As the graph in Figure 5.11 shows there is a big influence by the amount of binder on 
curing time/temperature and also compressive strength. Therefore sufficient amount 
of hardener and binder according to standard formulation is necessary. 
 
As explained in section 4.3, there are various types of silicate with different mean wt. 
ratio and viscosity. Effects of these different kinds of sodium silicate solutions on 
mechanical properties of cured binders are illustrated in Figure 5.12. Sodium silicate 
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0112 has higher viscosity (800cP.) compared to 0100 (200cP.) and 079 (250-500cP.) 
but it mean wt. ratio is same as 0100 which for 079 is 3.30.  
Figure 5.12 Effect of different kind of binder on compressive strength 
 
 
As the graph shows sodium silicate solution with higher mean weight ratio (079) 
than 2.00 has lower strength and this is because of not complete between hardener 
and silicate binder [125, 137]. The mean weight ratio of sodium silicate should be as 
low as possible as explained in 4.3. Sodium silicate 0100 and 0112 are the only 
silicate amongst other grades that their mean wt. ratio is low. Silicate 0112 has 
higher viscosity which results better mechanical property but in this research 
viscosity plays an important role which high viscosity tends not to be mixed with 
fragmented foams.  
High viscosity of binder makes mixing procedure with fragmented foams more 
difficult. Due to similar compressive strength with lower viscosity binder it is more 
appropriate to use a binder with lower viscosity and low mean weight ratio. Between 
silicate solution 0100 and 0112 the one that has a lower viscosity is 0100 and this 
particular silicate used for future recycling process. 
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5.4.2 Statistical analysis on fillers, hardener and silicate 
variations 
 
Due to having different affecting variables factors (such as amount of four different 
fillers, hardener and silicate solution) the results in the previous section need to be 
statistically analyzed for understanding the response of target value as dependent 
variables (compressive strength) to independent variables (fillers, hardeners and 
waterglass). Mixture designs and triangular surfaces as a design of experiment 
(DOE) method has been used because special issues arise when analyzing mixtures 
of components that must sum to a constant [159]. A number of designs have been 
developed to address specifically the analysis and modelling of mixtures [159-162]. 
In this research understanding of the absolute effect of each variable on the final 
property is needed. Therefore the “Pareto chart of effects” has been introduced to 
allow one to detect the factor and interaction effects which are most important to the 
process or design optimization study one has to deal with. It displays the absolute 
values of the effects, and draws a reference line on the chart. Any effect that extends 
past this reference line is potentially important. The Pareto chart analysis is a simple 
but powerful way of identifying the causes of quality problems or loss [163, 164]. 
According to the so-called Pareto principle, the majority of the quality loss is caused 
by a small number of factors. Put another way, in many cases, a few types of 
problems often cause the majority of quality loss. Such "maldistribution" (uneven 
distribution) of quality loss is very common, and can easily be detected via the Pareto 
chart [160, 163-168].  
 
In mixture designs when there are constraints on the component proportions, these 
are often upper and/or lower bound constraints of the form Li ≤xi ≤Ui, i = 1, 2,..., q, 
where Li is the lower bound for the ith component and Ui the upper bound for the ith 
component. The general form of the constrained mixture problem is: 
 
x1 + x2 + ... + xq = 1  
 
and Li xi Ui,   for i = 1, 2,..., q with Li ≥0 and Ui ≤1. 
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To allow for scale-independent comparisons of the parameter estimates, during the 
analysis, the component settings are customarily recoded to so-called pseudo-
components so that [159, 162]: 
 
)(
)(
LTotal
Lx
x iii
−
−
=′
                                                                            Equation 5.3 
 
Here, x'i stands for the ith pseudo-component, xi stands for the original component 
value, Li stands for the lower constraint (limit) for the ith component, L stands for the 
sum of all lower constraints (limits) for all components in the design, and Total is the 
mixture total. This transformation makes the coefficients for different factors 
comparable in size. 
 
The Pareto chart allows looking at both the magnitude and the importance of an 
effect. This chart displays the absolute value of the effects, and draws a reference 
line on the chart. Any effect that extends past this reference line is potentially 
important.  
 
 
5.4.2.1 Pareto chart calculations 
 
The number of experiments can be defined by Wheeler's formula, Equation 5.4 
[169]: 
2)7(
∆
×
=
σ
n
                                                                            Equation 5.4 
 
Where σ is estimated standard deviation and ∆ is required degree of confidence (as a 
fraction). These can be measured by analysis of variance (ANOVA) which is a 
method of positioning variability into identifiable sources of variation and the 
associated degree of freedom in an experiment [170].  
The reference line in Pareto chart of effects corresponds to ∆ = 0.10. Lenth's method 
is used to draw this line which divides importance and unimportant factors [171]. 
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The position of α (Standardized effect) on the chart is calculated from t-test [172], 
Equation 5.5. 
n
X
σ
µ
α
)( * −
=
                                                                            Equation 5.5 
 
Where n is number of experiments, X* is average value of X, σ is standard deviation 
and µ is error. Plotting |XR| against α for each variable produces the chart. In these 
charts, the length of each bar is proportional to the standard effect. The standard 
effect is the estimated effect divided by its standard error, which is equivalent to 
computing a t-statistic for each effect. The vertical line on the plot judges the effects 
that are statistically significant. Bars that extend beyond the line correspond to 
effects that are statistically significant at the 99 % confidence level. The Pareto 
charts obtained for factors show which factors are significant ones. 
 
All the results from mechanical testing experiments have been imported to 
STATISTICA software which measures and evaluates results according to the Pareto 
chart of effect. In Figure 5.13 the Pareto chart measured on mechanical testing results 
has been shown. 
0.4354
1.1819
1.3636
1.9227
4.4819
5.2729
p=.05
Standardized Effect Estimate (Absolute Value)
(B)Silica Flour
(C)Microsilica
(D)Clay
(A)Silica Sand
(E)Hardener
(F)Sodium Silicate Solution
 
Figure 5.13 Pareto chart for statistical analysis of fillers, hardener and silicate’s 
effect on mechanical testing 
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As the graph shows there are 6 variables which affect strength deviation. Silicate 
solution and hardener variations have the highest effect on strength. These two 
variables pass the reference line which shows their importance on strength of the 
binder. The other variables (fillers) are not reaching this line which describes they 
are not as important as the hardener and silicate solution. For the fillers, silica sand 
has the highest effect on the compressive strength as an independent variable. 
Therefore adding fillers is not necessary for the binder as long as adequate amount of 
hardener and binder is mixed. From this graph it is observed that silica sand and clay 
has more effect than other fillers and this is because of their size dispersion which 
can do the particle packing better than two other fillers (Figure 4.34).   
 
As described in chapter 3 the second stage of recycling procedure is mixing the 
binder with fragmented foams. Therefore the viscosity of the binder plays an 
important role during mixing with fragmented foams. Fragmented foams absorb 
water from silicate solution and reduce viscosity. Also the binder needs to coat all 
fragmented foams to bind them properly together. Therefore the binder first needs to 
wet the foams and secondly to bind them together. Binders with a high viscosity 
hardly wet and bind due to the low fluidity between foam particles. Low viscosity 
binders properly coat foam particles but curing is more difficult due to the low 
viscosity as this implies higher amounts of water in the binder. Therefore finding a 
binder with an optimum viscosity and curing/hardening time is needed. In the 
following parts the effects of different amount of hardener, silicate solution, fillers 
and accelerator on viscosity and curing time is discussed. By measuring viscosity, 
the curing time as well as viscosity of binder immediately after adding hardener and 
fillers to the silicate is measured. The viscosity of binder in the first 10-15minutes 
after mixing is important because within this time fragmented foams are added and 
mixed (details about mixing and sample making are explained in the chapter 7). It 
has been visually observed that the highest viscosity of binder has recorded within 
the first 10-15minutes after mixing and could be as high as 3.00E+05 Pa.s. This has 
been achieved by trial and error during sample making after adding foam particles. 
Any binder with higher viscosity inhibits to coat and wet foam particles due to low 
fluidity. Also binders with lower viscosity have problems for curing. Therefore the 
reference line in viscosity measurements is chosen to be 3.00×105 Pa.s after 15min of 
hardener, fillers and silicate solution mixing. All mixtures were tested by the AR 
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2000 Rheometer for measuring their behaviour in terms of viscosity before curing. 
As explained in 5.2.4 parallel plates have been used for viscosity measurements by 
the rheometer.  The plates rotate after curing of samples. But this rotation is without 
any load resistance from the binder. Therefore curing starts wherever the variations 
of viscosity stops in the graph. For better understanding viscosity behaviour of binder 
at room temperature all experiment’s temperature profile is defined to be isothermal 
at 25ºC.  
 
 
5.4.3 Curing without using fillers 
 
According to the results in the previous part the binder cured by adding adequate 
amount of fillers to hardener and silicate. It was also noted that the viscosity plays an 
important role during mixing this binder mixture to fragmented foams. In Figure 5.14 
viscosity of a binder with using all fillers (stated in Table 5.3) is compared with a 
pure sodium silicate solution.  
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Figure 5.14 Viscosity comparison of sodium silicate solution and a binder composed 
of fillers, hardener and sodium silicate solution 
 
As this graph shows the viscosity of the binder including fillers and hardeners in the 
first 10minutes after adding them together is much higher than pure silicate solution. 
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As mentioned in previous section the required viscosity for adding fragmented foams 
is 3.00×105 Pa.s in first 10-15minute (this has been determined by trial and error). As 
Figure 5.14 shows the viscosity of binder including fillers passes the highest possible 
viscosity. With this viscosity effective wetting and binding of foams is not possible. 
Therefore a binder with a lower viscosity is needed.  It was concluded from statistical 
analysis results that adding fillers is not necessary for the binder mixture to achieve 
an adequate strength. The role of filler is to modify viscosity only as the statistical 
results show no role in strength. Therefore the curing process needs to be undertaken 
by using an adequate amount of hardener or accelerator. As it was shown in Figure 
5.13 according to statistical analysis for different amounts of fillers, hardener and 
silicate solution finding an adequate amount of hardener and silicate solution for 
curing is more important than fillers.  
 
The process of silicate binders’ curing by using phosphate hardeners is an 
endothermic reaction [139]. Therefore this could be observed by Differential 
Scanning Calorimetry (DSC) testing. DSC tests have been carried out on silicate 
binders with different amount of hardener to identify the range of curing temperature 
and time for the selected sodium silicate. In addition, the behavior of liquid silicate 
by adding different amount of phosphate hardener could be considered by this 
technique. The temperature profile defined is heating up the sample to 200ºC by 
heating rate of 1 ºC/min. This temperature profile has been chosen to cover ambient 
to high temperatures. In Figure 5.15 graph of DSC test on silicate solution without 
adding any hardener has been shown. The DSC measure the heat of reaction at the 
temperature that reaction happens. The amount of heat whether it is endothermic or 
exothermic represents extent of reaction and the temperature that this reaction 
happens depends to the shape of the graph shows the curing temperature. As it is 
shown in Figure 5.15 due to endothermic reaction of silicate binder, the measured 
onset temperature is the curing temperature and integral is the heat of reaction. 
 
 
Figure 5.15 DSC test on silicate solution without adding hardener 
Sodium Silicate 0100* 
mW 
                                                                                                                1 
 
176 
As explained before, the silicate solution’s hardening starts at temperatures above 
120 °C [73, 79, 89, 116, 120, 121]. This also has been shown in Figure 5.15 which 
curing temperature is measured to be 120.68 ºC. Also this graph proves the fact that 
this reaction is endothermic because of the negative integral. By adding more amount 
of hardener the curing temperature shifts to lower temperatures and also its 
endothermic reaction changes. Figure 5.16 compares curing time and endothermic 
reaction of silicate solution hardening process by adding more hardener to binder.    
 
 
Figure 5.16 Curing temperature decreasing by adding A) 5wt% B) 10wt% C) 15wt% 
F320 
 
 
As Figure 5.16 shows adding more hardener decrease the curing temperature and 
heat of reaction caused by adding more hardener increases. Comparing silicate 
hardener cured by 5 wt%  hardener (Figure 5.16A) and 15wt% (Figure 5.16A) shows 
that curing temperature shifts from 114.70 ºC to 104.70 ºC while the heat of reaction 
significantly increased. Molster et al. has found that this increase in heat of reaction 
happens with adding more hardener which could change the curing temperature 
[102]. In Figure 5.17 curing process of silicate solution with and without hardener 
has been compared. 
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+ 
5% FABUTIT 320 
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Figure 5.17 Curing process of silicate solution A) without adding hardener and B) 
with adding 15wt% F320 
 
 
As Figure 5.17 compares, there is a significant change in curing temperature and 
curing process of silicate solution by adding more hardener. This could be proven by 
pH measurement of silicate binder after adding hardener. Adding hardener decreases 
pH which is the because of releasing silicic acid [137, 139]. After adding aluminium 
phosphate as the hardener to sodium silicate solution, hardening due to the formation 
of silicic acid starts [72]. Because sodium silicate is an alkaline material its pH value 
is around 13. Therefore pH value of the mixture should start to decrease after adding 
hardener and formation of silicic acid. Figure 5.18 shows the decreasing rate of pH 
after adding 15wt% modified hardener (FABUTIT 320) which has been measured by 
Metler Toledo pH meter. 
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Figure 5.18 Decreasing rate of pH by adding 15% modified phosphate hardener 
(F320) to sodium silicate solution 0100 
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This graph shows that by adding hardener, pH drops after 5min which is a sign of 
acid generated in the alkaline environment (as explained in 4.3.1 this generated acid 
causes the hardening procedure) but Figure 5.19 describes that adding more hardener 
alone is not an alternative option for curing procedure due to increase in viscosity 
after 3 hours which is a sign of no curing (any increase in viscosity means that the 
binder still flows). Different weight percentages of hardener have been added step by 
step to find the adequate amount of hardener for room temperature curing. 
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Figure 5.19 Viscosity comparison of silicate solution added by 10, 16 and 20 wt% 
hardener 
 
According to the graph in this Figure, adding more than 16wt% hardener results in 
no changes in viscosity. Also viscosity after 3hours is still increasing which shows 
curing has been occurred within first 3 hours after mixing. Therefore accelerators 
have been introduced for reducing curing time, if they maintain viscosity within 
required range.  
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5.4.4 Curing by using hardener and accelerator 
 
According to the results in the previous section curing time by using hardener alone 
is not happening within first 3hrs after mixing (Figure 5.19). Therefore to speed up 
this process adding accelerator could be another option. But this addition of 
accelerator might change the compressive strength of the binder. Figure 5.20 shows 
compressive strength of cured silicate solution by adding hardener and accelerator 
with different percentages. 
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Figure 5.20 Effect of different amount of accelerator on compressive strength 
 
 
Adding accelerators to the binder mixture decreases the mechanical strength but 
increases modulus of the binder according to the graph in Figure 5.20. In addition it 
decreases curing time/temperature and also increases the viscosity before curing. 
These effects are those properties that have been targeted for the mixture: Decreasing 
curing time/temperature while maintaining lower viscosities than binder’s using 
fillers. Therefore we need to determine the optimum amount of accelerator and 
hardener for the silicate solution. A series of tests were carried out by adding more 
accelerators to the hardener step by step to find this optimum amount. The results of 
these tests are reported in Figure 5.21. As explained in 5.2.4 parallel plates were used 
for viscosity measurements by the rheometer.  The plates rotate after curing of 
samples. But this rotation is without any load resistance from the binder. Therefore 
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curing starts wherever the variations of viscosity stops in the graph and the viscosity 
trend begins to be a horizontal line. 
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Figure 5.21 Viscosity comparison of silicate solutions at different proportions of 
hardener and accelerator 
 
 
By adding more accelerators curing begins after 3 hours. Comparing results in this 
graph shows that curing time and temperature decrease by adding more accelerators. 
Also viscosity of the mixture is higher in comparison to the mixture that contains 
only hardener. It has also been shown that adding accelerator without any hardener 
produce a mixture with a very high viscosity and fast curing at room temperature. It 
has been visually observed that adding accelerator without any hardener results in 
high amounts of agglomeration without any binding properties due to this 
agglomeration. Therefore as the result of all these series of tests it could be 
concluded that adequate amount of accelerator and hardener is around 8% for each 
according to the graph in Figure 5.21. This mixture’s curing time is less than 3-4hrs 
at room temperature. Also its viscosity is sufficient (less than 105 Pa.s in the first 
30min) for mixing with shredded foams. But for increasing mechanical properties 
adding more filler such as silica sand and silica flour is investigated in following 
part.  
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5.5 Summary 
 
Sodium silicate solution as the binder has been selected due to its exceptional 
benefits explained in Table 4.1. 
 
By adding an appropriate amount of hardener room temperature curing is achievable. 
Mechanical properties improvements were observed by adding fillers. But fillers 
cause an increase in viscosity. It has also been observed that fillers, compared to 
sodium silicate and hardener, have a lower effect on curing and mechanical 
properties of cured samples (Figure 5.13). The optimum amount of hardener and 
fillers was measured to provide both low viscosity and a reasonable mechanical 
strength. 
 
Moreover, accelerators reduce curing time without increasing viscosity.  
 
Therefore as a conclusion there are different options that could be tried for mixing 
the binder with the chopped foams. These options are explained in Table 5.10.  
 
Table 5.10 Curing mixture options for room temperature curing 
 
Silicate solution 
wt% 
Hardener 
wt% 
Accelerator 
wt% 
Filler 
wt% 
Curing by hardener 84 16 - - 
Curing by hardener 
and accelerator 
84 12 4  
Curing by hardener, 
accelerator and filler 
80 12 4 4 
 
The best option depends on the viscosity. The viscosity of the mixture before curing 
should be between 2.00E+5 and 3.00E+5 Pa.s. According viscosity measurement 
results in 5.4.4 the proper mixture in terms of viscosity is the binder cured by 
hardener and accelerator. 
   
                                                                                                               1 
 
182 
CHAPTER 6                             
RECYCLED FOAMS 
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6.1 Introduction  
 
After developing the binder, producing shredded polymeric foams (recycled foams) 
is the second stage of recycling process. As described in chapter 2 there are different 
methods introduced in the literature [43]. At this point in the recycling process, a fine 
size dispersion of recycled foams is needed. Also on-site recycling conditions dictate 
a shredding technique that needs to be portable, quick, environmentally benign and 
an easy to use process which controls the output’s dispersion. As a result a new 
technique that has been designed in this research is introduced.  
 
This technique combines the technology of the hammer mill and foam shredder. By 
using screens which are attached to the shredding machine the size dispersion is 
controllable. In this chapter detail of this technique is explained in more depth. 
Dispersion of shredded foams (output) also depends on variables like density and the 
type of polymeric foam. Therefore different kinds of polymeric foams were used for 
the manufacturing of reconstituted samples. Size dispersion and types of foams also 
affect the properties of recycled composite panels which will be discussed in chapter 
7.  
 
 
6.2 Polymeric Foams 
 
Polyurethane, Polyisocyanate and Phenolic foams are three important thermosetting 
polymeric foams used in the thermal insulation industry [20]. Due to different 
applications, these foams are manufactured in different thicknesses with a variety of 
facings like low emissivity composite foil, plain glass tissue, wet lay coated glass 
fibre or glass reinforced perforated cellulose. In the following parts, all kind of 
polymeric foams, which have been tested so far, and their effect on shredding 
conditions are described.  
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6.2.1 Polyurethane Foams (PUR) 
 
The following data in this section are supplied by the manufacturers [25, 173]. 
 
Kingspan Thermapitch TP10 
 
Kingspan Thermapitch TP10 is manufactured in accordance with draft BS 4841–5 
standards (Rigid polyurethane (PUR) and polyisocyanurate (PIR) products for 
building end–use applications. It is manufactured without the use of CFCs/HCFCs as 
the blowing agent and has zero Ozone Depletion Potential (ODP). The blowing agent 
for manufacturing this foam is unknown due to company’s confidentiality. An 
application of Kingspan Thermapitch® TP10 has been shown in Figure 6.1 [173]. 
 
Figure 6.1 Application of Kingspan Thermapitch® TP10 [173] 
 
The Facings 
Kingspan Thermapitch TP10 is faced on both sides with a low emissivity aluminium 
foil facing which is highly resistant to the transmission of water vapour. This 
reflective, low emissivity surface can effectively double the thermal resistance of the 
cavity in which the board is placed. 
 
The Core 
The core of Kingspan Thermapitch TP10 is manufactured from Nilflam technology 
(CFC/HCFC–free polyisocyanurate (PIR) based formulation. Kingspan Thermapitch 
TP10 has a typical density of 32 kg/m3. In Figure 6.2 the scanning electron 
microscopy image of Kingspan Thermapitch TP10 core is shown. 
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Figure 6.2 Scanning Electron Microscopy of Kingspan Thermapitch TP10 
 
 
Standard Dimensions 
Kingspan Thermapitch TP10 is available in standard size(s) as listed in Table 6.1. 
 
Table 6.1 Standards size(s) of Kingspan Thermapitch® TP10 panels [173] 
Nominal Dimension Availability 
Length  (m) 2.4 
Width  (m) 1.2 
Insulant Thickness (mm) 
20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 
100, 105, 110, 115, 120, 125, 130, 135, 140, 145, 150, 160, 
165, 170, 175, 180, 200  
 
Compressive Strength 
Typically exceeds 140 kPa at 10% compression when tested to BS EN 826: 1996 
(Thermal insulating products for building applications; determination of compression 
behaviour). 
 
Water Vapour Resistance 
Modified to include board facings, the boards achieve a resistance greater than 100 
MNs/g when tested in accordance with BS 4370–2: 1993 (Methods of test for rigid 
cellular materials. Methods 7 to 9). 
 
Fire Performance 
Kingspan Thermapitch® TP10, when subjected to British Standard fire tests, 
achieves the results given in Table 6.2 below. 
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Table 6.2 Fire testing results on Kingspan Thermapitch® TP10 [173] 
Construction Result 
BS 476–3: 1958  
(External fire membrane adopted exposure roof test) 
SAA rating 
BS 476–7: 1997 
(Fire tests on building materials and structures. Method of test to 
determine the classification  of the surface spread of flame of products) 
Class 1 rating 
 
Thermal Properties 
The quoted thermal conductivity (λ–value) and thermal resistivity (R–values) are in 
accordance with the Harmonised European Standard BS EN 13165: 2001 (Thermal 
insulation products for buildings – Factory made rigid polyurethane foam (PUR) 
products – Specification) using so called 90 / 90 principles. Comparison with 
alternative products may not be appropriate unless the same procedures have been 
followed. 
 
Thermal Conductivity 
The boards achieve a thermal conductivity (λ–value) of 0.023 W/m.K. 
 
Thermal Resistance 
Thermal resistance (R–value) varies with thickness and is calculated by dividing the 
thickness of the board (expressed in metres) by its thermal conductivity (Figure 6.3). 
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Figure 6.3 Thermal resistance of TP10 PUR at different thicknesses [25, 173] 
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6.2.2 Polyisocyanate Foams (PIR) 
 
Kingspan Thermaroof TR27 
 
Kingspan Thermaroof TR27 LPC/FM is manufactured in accordance with the 
requirements of both BS 4841–3 (Rigid polyisocyanurate (PIR) and polyurethane 
(PUR) products for building end–use applications. Specification for laminated boards 
(roofboards) with auto–adhesively or separately bonded facings for use as roofboard 
thermal insulation under built–up bituminous roofing membranes) and BS 4841–4 
(Rigid polyisocyanurate (PIR) and polyurethane (PUR) products for building end–
use applications. Specification for laminated boards (roofboards) with auto–
adhesively or separately bonded facings for use as roofboard thermal insulation 
under single-ply roofing membranes) and also under control systems approved to BS 
EN ISO 9001: 2000 / I.S. EN ISO 9001: 2000. It is manufactured without the use of 
CFCs/HCFCs and has zero Ozone Depletion Potential (ODP). An application of 
Kingspan Thermaroof™ TR27 has been shown in Figure 6.4 [173]. 
 
 
Figure 6.4 Application of Kingspan Thermaroof™ TR27 [25, 173] 
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The Facings 
Kingspan Thermaroof TR27 LPC/FM is faced on both sides with a coated glass 
tissue autohesively (due to the foam’s blowing agent and its adhesion property 
during the manufacturing process) bonded to the insulation core during manufacture. 
 
The Core 
The core of Kingspan Thermaroof TR27 LPC/FM is manufactured from Nilflam® 
technology (CFC/HCFC–free polyisocyanurate (PIR) based formulation). Kingspan 
Thermaroof TR27 LPC/FM has a typical density of 32 kg/m3. 
 
Standard Dimensions 
Kingspan Thermaroof TR27 LPC/FM is available in standard size(s) as listed in 
Table 6.3. 
 
Table 6.3 Standards size(s) of Kingspan Thermaroof™ TR27 panels [173] 
Nominal Dimension Availability 
Length (m) 1.2 (2.4) 
Width (m) 0.6 (1.2) 
Insulant Thickness (mm) 
50, 60, 70, 75, 80, 90, 100, 105, 110, 
120, 125, 130, 140, 150 
 
 
Compressive Strength 
The compressive strength of Kingspan Thermaroof TR27 LPC/FM typically exceeds 
150 kPa at 10% compression and 125 kPa at 5% when tested to BS EN 826: 1996 
(Thermal insulating products for building applications; determination of compression 
behaviour). 
 
Water Vapour Resistance 
Modified to include board facings, the boards achieve a resistance greater than 15 
MN.s/g when tested in accordance with BS 4370–2: 1993 (Methods of test for rigid 
cellular materials. Methods 7 to 9). Kingspan Thermaroof™ TR27 LPC/FM should 
be installed over a vapour control layer. 
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Fire Performance 
Kingspan Thermaroof TR27 LPC/FM, when assessed to the following internationally 
accredited full construction test methods achieve given typical results in Table 6.4. 
 
Table 6.4 Fire testing results on Kingspan Thermaroof™ TR27 [173] 
Test Result 
Factory Mutual Research Standard 4450 (1989) and 
4470 (1986) Class 1 Insulated Steel Deck Roofs 
Class 1 Insulated Steel 
Deck Pass 
Loss Prevention Certification Board LPS 1181: 2003 
Part 1–Issue 1 – Requirements and tests for built–up 
systems for use as the external envelope of buildings. 
Ext–B Pass 
BS 476–3: 1958  
(External fire exposure roof test) 
Dependent on single–ply 
membrane adopted 
 
 
The following results given in Table 6.5 are achieved when waterproofed with 3 
layer built–up felt and a loading coat of 10 mm chippings. 
 
 
Table 6.5 Fire testing results on waterproofed Kingspan Thermaroof™ TR27 [173] 
Test Result 
BS 476–3: 1958  
(External fire exposure roof test) 
FAA rating 
 
 
Thermal Properties 
The λ–values and R–values quoted are in accordance with the Harmonised European 
Standard BS EN 13165: 2001 (Thermal insulation products for buildings – Factory 
made rigid polyurethane foam (PUR) products – Specification) using so called 90 / 
90 principles. Comparison with alternative products may not be appropriate unless 
the same procedures have been followed. 
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Thermal Conductivity 
The boards achieve a thermal conductivity (λ–value) of 0.027 W/m.K (insulant 
thickness < 80 mm) and 0.026 W/m.K (insulant thickness 80–119 mm). 
 
Thermal Resistance 
Thermal resistance (R–value) varies with thickness and is calculated by dividing the 
thickness of the board (expressed in metres) by its thermal conductivity (Figure 6.5). 
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Figure 6.5 Thermal resistance of TR27 PIR at different thicknesses [25, 173] 
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6.2.3 Phenolic Foams 
 
Kingspan Kooltherm K8 
 
Kingspan Kooltherm K8 Cavity Board is manufactured in accordance to standards 
under a quality control system approved to BS EN ISO 9001: 2000. Kingspan 
Kooltherm K8 Cavity Board is manufactured without the use of CFCs/HCFCs and 
has zero Ozone Depletion Potential (ODP). An application of Kingspan Kooltherm 
K8 has been shown in Figure 6.6 [173]. 
 
 
Figure 6.6 Application of Kingspan Kooltherm® K8 [173] 
 
 
The Facings 
Kingspan Kooltherm® K8 Cavity Board is faced on both sides with a low emissivity 
aluminium foil which is highly resistant to the transmission of water vapour. This 
reflective, low emissivity surface effectively doubles the thermal resistance of the 
cavity in which the board is placed. 
                                                                                                               1 
 
192
The Core 
The core of Kingspan Kooltherm K8 Cavity Board is a performance CFC/HCFC–
free rigid phenolic insulant of typical density 35 kg/m3. In Figure 6.7 the scanning 
electron microscopy image of Kingspan Kooltherm K8 core is shown. 
 
 
Figure 6.7 Scanning Electron Microscopy of Kingspan Kooltherm K8 
 
 
 
Standard Dimensions 
Kingspan Kooltherm® K8 Cavity Board is available in standard size(s) as listed in 
Table 6.6. 
 
Table 6.6 Standards size(s) of Kingspan Kooltherm® K8 panels [173] 
Nominal Dimension Availability 
Length (m) 1.2 
Width (m) 0.45 
Insulant Thickness (mm) 
17, 20, 25, 30, 35, 40, 45, 50, 55, 60, 
65, 70, 75, 80, 90, 100 
 
 
Compressive Strength 
Typically exceeds 100 kPa at 10% compression when tested to BS EN 826: 1996 
(Thermal insulating products for building applications; determination of compression 
behaviour). 
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Water Vapour Resistance 
Modified to include board facings, the boards achieve a resistance far greater than 
100 MN.s/g when tested in accordance with BS 4370–2: 1993 (Methods of test for 
rigid cellular materials. Methods 7 to 9). 
 
Fire Performance 
Kingspan Kooltherm® K8 Cavity Board will achieve the results given in Table 6.7, 
which enable it to be classified by the Building Regulations as being Class 0 and as 
Low Risk by the Technical Standards in Scotland. 
 
Table 6.7 Fire testing results on Kingspan Kooltherm® K8 [173] 
Test Result 
BS 476–6: 1989 
(Fire tests on building materials and 
structures. Method of test for fire 
propagation for products) 
Fire propagation index of 
performance (I) not exceeding 12 
and sub index (i1) not exceeding 6 
(for rigid phenolic insulation core) 
BS 476–7: 1997 
(Fire tests on building materials and 
structures. Method of test to determine 
the classification of the surface spread 
of flame of products) 
Class 1 rating 
BS 5111–1: 1974 
(Smoke Obscuration) 
< 5% 
 
The use of the product in the context of BBA Certificate 94/3047 does not prejudice 
the fire resistance properties of the wall. It is unlikely to become ignited within the 
cavity. If fire does penetrate into an unventilated cavity, the amount of air present 
will be insufficient to support combustion, and flame spread will be minimal. Walls 
containing the product do not need cavity barriers in buildings of any purpose group 
provided they are constructed in accordance with the provisions of BBA Certificate 
94/3047. 
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Thermal Properties 
The λ–values and R–values quoted are in accordance with the principles in the 
Harmonised European Standard BS EN 13166: 2001 (Thermal insulation products 
for buildings – Factory made products of phenolic foam (PF) – Specification) using 
so called 90 / 90 principles. Comparison with alternative products may not be 
appropriate unless the same procedures have been followed. 
 
Thermal Conductivity 
The boards achieve a thermal conductivity (λ–value) of 0.024 W/m.K (insulant 
thickness 15–24 mm), 0.023 W/m.K (insulant thickness 25–44 mm) and 0.021 
W/m.K (insulant thickness ≥ 45 mm). 
 
Thermal Resistance 
Thermal resistance (R–value) varies with thickness and is calculated by dividing the 
thickness of the board (expressed in metres) by its thermal conductivity (Figure 6.8). 
 
0
0.5
1
1.5
2
2.5
3
3.5
17 20 25 30 35 40 45 50 55 60 65
Insulation Thickness  (mm)
Th
er
m
a
l R
es
ist
a
n
ce
 
 
(m
^
2.
K
/W
)
 
Figure 6.8 Thermal resistance of K8 Phenolic at different thicknesses [25, 173] 
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6.2.4 Foams comparison 
 
In Figure 6.9 and 6.10, the compressive strength and thermal resistance of foams are 
compared. This manufacturer data will be used as a reference for comparing the 
recycled composite panels’ properties.   
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Figure 6.9 Compression strength comparison of foams [25, 173] 
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Figure 6.10 Thermal resistivity comparison of foams [25, 173] 
 
As shown in the figures above, PUR foam has better thermal resistivity (thermal 
resistivity is the inverse of thermal conductivity, therefore a bigger thermal resistivity 
is better as an insulant) compared to PIR foam but its compression strength is lower 
which is the opposite of Phenolic foams. This fact will be compared for recycled 
specimens (Chapter 7).    
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6.3 Cutting Techniques 
 
According to the recycling route introduced in this research all foams need to be cut 
before adding to the binder. Therefore the first and important part of this technique is 
to find the appropriate method to convert the polymeric foam panels mentioned in 
6.1 to fragmented parts. These fragmented foams then are mixed into a binder with 
the exact composition as determined in Chapter 4. There are different techniques 
introduced in the literature and discussed in chapter 2 for foam size reduction [43]. 
Considering limitations dictated by the recycling method developed in this research 
each of those methods has advantages and disadvantages. Controlling the size 
distribution of fragmented foams is important to ensure a combination of small (5mm 
to 20mm) and bigger particle sizes (20mm to 45mm) of shredded polymeric foam to 
make a uniform recycled sample according to the particle packing theory explained 
in Chapter 4. In Table 6.8 polymeric foam cutting methods have been compared in 
accordance to defined process limitations.     
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Table 6.8 Comparison of foams cutting techniques 
 Cost Portable Controllable dispersion 
Environmentally 
benign 
Shredders     
Rotary Grinders     
Rotary Knife Cutters 
(Granulators)     
Wet Size Reduction     
Slicers     
Screw Cutters     
Cutting Processes 
Laminate Separation by Size 
Reduction     
Densifying Discs     
Compression     
Agitation     
Erema Size Reduction Process     
Agglomerators 
Agglomeration-Assisted Sorting     
Densification Compaction of Film     
Roller Die Compaction     
Disc Pulverizers     
Turbo Rotor Pulverization     
Hammer Mills     
Cryogenic Pulverization     
Pulverization 
Processes 
Solid State Shear Extrusion     
Chemical Size Reduction     
 Very good         good       Bad            Very bad 
 
In accordance with Table 6.8 a device that combines both shredder and hammer mill 
techniques is the best possible choice for shredding of polymeric foams as needed for 
the recycling procedure. 
 
 
6.3.1 Designed foam shredding machine 
 
As stated earlier foam shredding is the first step to start the recycling and it could be 
one of the most important parts of the whole process due to its effects on the 
properties of the final product. The size distribution of fragmented foams influences 
the curing temperature/time, mixing procedure and also the post-processing 
properties. Controlling size distribution and shape of fragmented foams is possible 
only by using a proper method for shredding. In this step cutting has been processed 
manually, by using a food blender, manual shredder and industrial shredder. All 
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methods chopped the foams into small particles except the industrial hammer 
mill/shredder [43]. There is a machine produced by Globe Organic Services Ltd. 
which is a mixture of shredder and hammer mill. It can cut the foams into a variety 
of sizes dependent on different factors. This kind of machine is applicable for 
recycling of foams according to the needs of the method introduced in this project. In 
Figure 6.11 the features of this kind of shredder have been illustrated. This machine 
provides all the benefits of shredder and hammer mill methods as described in Table 
6.8. 
 
 
Figure 6.11 Shredder/Hammer Mill feature [43] 
 
As described in chapter 2, different methods have been discussed in the literature and 
finally a new machine designed by Globe Organic Services was modified by the 
initial results from this project and has been used through out this research. Figure 
6.12 describes the whole procedure of fragmentation by this shredder.  
 
 
                  A                                                  B                                                 C 
Figure 6.12 Foams A) before shredding B) During shredding C) After shredding 
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As Figure 6.12 shows, original foams (Figure 6.12-A) after shredding by the 
hammer-mill shredder (Figure 6.12-B) were fragmented to small particles (Figure 
6.12-C). This process is shown in Figure 6.11 where a screen or grate is placed at the 
bottom of the shredder where the output is located. By using a proper output 
screen/grate the size distribution of fragmented foams is approximately controllable 
(Figure 6.11). In Table 6.9 specifications of this shredder designed by Globe Organic 
Services in collaboration with this particular project are listed.  
 
Table 6.9 Specification of Globe Organic Services Ltd Shredder 
Choice of 10-hp Lombardini diesel 
Triple A-section V-belts. 
Chips up to 4" (100mm) diameter. 
Shreds up to 5/8" (l5mm) diameter. 
1.6 cu.ft. (45 litre) shredding chamber. 
190 sq.in. (0.12 sq.m.) Shredding screen. 
Interchangeable shredding screens (20mm, 40mm and 60mm supplied) 
Two chipper knives easily sharpened and replaced. 
54 reversible fixed hammers. 
Four 12"-diameter wheels with 4"- wide pneumatic tyres. 
Length 63" (1600mm). 
Width, chipper chute in transport position, 32¼" (820mm). 
Width, chipper chute in operating position, 52" (1320mm). 
Height, chipper chute in transport position, 59" (1500mm). 
Height, chipper chute in operating position, 53½" (1360mm). 
Weight, with Honda 13-hp petrol engine, 480lb (218kg). 
Weight, with Lombardini diesel engine, 517lb (235kg). 
Loading height (shredder) 47¼" (1120mm). 
Loading height (chipper) 43½" (1110)mm. 
Shipping dimensions: Length 63" (1600mm), width 32¼" (820mm), height 59" (1500mm). 
Output up to 2-3 cu.m. (70-100 cu.ft.) per hour. 
 
 
The only factor that is controllable by users is changing the screen. Therefore three 
screens with different size(s) - 20, 40 and 50mm – were attached to the shredder to 
control the size distribution. Figure 6.13 shows different parts of this machine and its 
screens. 
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                          A                                               B                                     C 
Figure 6.13 A) Feature of Globe Organic Services Ltd Shredder B) Hammers C) 20, 
40 and 60mm Screens 
 
 
 
There are two steps that should be performed before running of the shredder: 
 
A) Sealing 
B) Pre-treatment 
C) Making an output bag 
 
More detailed descriptions of these actions have been described below.   
 
6.3.1.1 Sealing 
 
The shredder needs sealing due to its design for heavier materials such as wood; 
otherwise it makes problems in terms of:  
 
- Wasting the foams 
- Health hazard 
- Safety problems 
 
However wastage differs by any changes in materials and density. 
 
After several times running sealing spots have been found and were re-sealed. 
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6.3.1.2 Pre-treatment 
 
Also pre-treatment applies to polymeric foams before shredding them. Two main 
tasks that should be applied are: 
 
1- Removing the facing of panels as much as possible 
2- Cutting each panel to be less than 60cm due to limitation of shredder’s input size 
 
There is an exception for removing the composite foil facings (Kingspan 
Thermapitch® TP10) due to their strong binding with the foams.  In Figure 6.14 two 
different samples with and without pre-treatment are shown. 
 
 
Figure 6.14 A) Kingspan Kooltherm® K8 with pre-treatment B) Kingspan 
Thermapitch® TP10 without pre-treatment 
 
 
6.3.1.3 Output Bag 
 
Due to running the motor and spinning of hammer mills the shredder makes a strong 
wind that exits with the chopped foams. For this matter a special bag which can 
absorb foams and pass the air was designed in this research. This bag consists of a 
vacuum breather layer and vacuum mesh underneath.    
 
 
A B 
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6.4 Particle size dispersions characterisation 
 
Shredded foams need to be characterized in terms of size distribution. Size 
characterization helps to find the best dispersion of foams before adding any binder. 
After each shredding size dispersion of shredded foams has been measured by 
sieving them with different sizes of sieves (5, 10, 15, 20, 25, 30, 35, 40, 45 and 
50mm). Each foam size category after sieving was weighted and accordingly weight 
% was measured.  
 
Figure 6.15 exhibits the typical size distribution of PUR foams after shredding by 
using the 20mm screen. 
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Figure 6.15 An example of size characterisation for PUR foams after shredding 
 
 
Also effects of different controllable factors on dispersion are unknown. By 
understanding effects of these controllable factors the size distribution could be 
controlled. Any required distribution for any kind of binder could be achievable by 
knowing these variables. In this part all these unknown questions will be answered.  
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6.4.1 Controlling parameters on size distribution of foams 
 
The size distribution of foams and wastage after shredding depends on three factors 
as listed below: 
 
• FOAM: The density, shape and nature of the plastic materials being 
processed 
• CUTTER: The Characteristics of the cutter (the width of the cutter, the 
number of cutting teeth and the size of the cutter opening) 
• SCREEN: The diameter of the exit screen 
 
The cutting hammer is not a controllable factor but the type of foam and screen sizes 
are varied. In this research the effect of these variables has been investigated on the 
final properties of recycled product. All foams were shredded with 20mm, 40mm and 
60mm screens. In the following sections, the size distribution of foam particles after 
shredding by changing different parameters such as type of foam, density and screen 
size is discussed.   
 
 
6.4.1.1 Type of foam 
 
Figure 6.16 exhibits the size distribution of two different polymeric foams (PUR & 
Phenolic) with different densities. Elastogran PUR has the closest density to Phenolic 
(Kooltherm® K8). Therefore this figure focuses mostly on the difference in type of 
foam rather than the density of the sample.    
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Figure 6.16 Difference in size distribution of different foams after shredding 
performed by Globe Organic Services shredder 
 
As the graph shows, the size distribution of Phenolic foam is mainly from 5 to 20mm 
but for PUR foam, it is around 15-35mm. This difference in size distribution is the 
result of two factors, type of foam and density. In the next part both parameters are 
compared. 
 
6.4.1.2 Density 
 
Polymeric foams (PUR, PIR and phenolic) have ranges of density and facings as 
listed in Table 6.10. 
 
Table 6.10 Density of polymeric foams 
Type of foam 
Density incl. facings 
(kg/m3) 
Density exc. facings 
(kg/m3) 
Thermapitch® TP10 34 32 
PUR 
Elastogran 60 60 
PIR Thermaroof™ TR27 40 32 
Phenolic Kooltherm® K8 50 38-40 
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Figure 6.17 exhibits the size distribution of two different PUR foams with different 
densities and Phenolic foam.  
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Figure 6.17 Difference in size distribution of different foams after shredding 
 
 
As the graph shows, the size distribution of the lower density PUR (Thermapitch 
TP10) foam is mainly around 10-15mm but for higher density PUR (Elastogran) is 
around 15-20mm. Apparently Lower density PU has more small particles than higher 
density PU. As both Figures 6.16 and 6.17 shows, the difference of the density in 
Figure 6.16 is much smaller than the difference in Figure 6.17 but the size 
distribution is wider. This could be due to the materials’ properties such as cell size 
of the foam (As shown in Figure 6.2 and 6.7).  
 
 
6.4.1.3 Screen size 
 
Figure 6.18 and 6.19 exhibits the size distribution of PU and Phenolic foams with 
different screens. Both graphs show that the size distributions of polymeric foams 
differ with changing the screen.  
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Figure 6.18 Difference in size distribution of shredded Elastogran PUR by using 
different screens 
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Figure 6.19 Difference in size distribution of shredded Phenolic by using different 
screens 
 
 
Apparently an increase in screen size increases the average size distribution. The 
20mm Screen is better for having small particles (5 to 15mm) and 60mm screen is 
useful for making bigger size particles. The important point is that controlling of the 
size distribution between 50 to 60mm screens is very difficult (Figure 6.19) due to 
the behaviour of polymeric foams that their control in surface cutting is difficult. In 
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addition 10mm difference between 50 and 60mm screens is covered by the hammer’s 
length. In another word 10mm control is less than the sensitivity of the instrument. A 
comparison of Figure 6.18 and 6.19 shows that control of the size distribution by 
using different screens is more difficult for Phenolic foams than PUR/PIR foams.  
 
 
6.4.2 Fragmented foam’s bulk density 
  
Another issue that should be considered in shredding is the bulk density of 
fragmented foams after shredding. The bulk density has some effect after mixing 
with binder and curing. Any changes in bulk density could change the density of 
recycled sample after curing. Figure 6.20 illustrates the bulk density measurement of 
shredded foams. 
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Figure 6.20 Bulk density of shredded foams by using 20, 50 and 60mm screens 
 
 
This graph proves that bulk density is proportional to the density of foam before 
shredding.  
Bulk density of foams shredded by different screens is different due to higher 
amounts of powder generated in smaller screens. The smaller screen generates 
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smaller particles which can fill gaps between bigger particles and subsequently 
increases bulk density.   
 
 
 
6.5 Summary 
As discussed in this chapter a new cutting technique has been introduced for 
shredding of thermosetting foams. This technique has several benefits including: 
 
- To be controllable for size dispersion 
- To be applicable on-site 
- To be easy to run 
- To be cost effective 
 
Knowing affecting parameters on the size distribution of foam particles makes the 
controls on producing recycling samples possible in the next chapter. Effects of all 
these parameters on evaluation properties are discussed in chapter 7.
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CHAPTER 7                 
RECYCLED FOAM 
COMPOSITES 
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7.1 Introduction 
 
As described in chapter 3 the final stage of the proposed recycling process is mixing 
the developed binder (chapter 5) with shredded foams as discussed in chapter 6. 
Manufacturing of recycled composite panels as the final product is described in this 
chapter. Moulding, curing and conditioning is included in this stage which will be 
explained. Different factors influence mixing, curing and moulding conditions. Also 
these factors such as type, weight (or volume) percentage and size distribution of 
foams affect the properties of the final recycled composite panel. Therefore various 
experiments have been performed on manufactured recycled samples which will be 
explained in this chapter. In the following parts in this chapter, the influence of 
different factors (as mentioned above) on thermal resistance, mechanical properties 
and fire resistance is discussed. Evaluation results outline the properties of recycled 
composite panels compared to the original polymeric foams. These results are 
reported as the final stage of the technology evaluation.       
 
 
 
7.2 Sample Manufacturing  
 
The manufacturing of recycled panels consists of three stages: 
• Mixing  
• Moulding 
• Conditioning 
In following parts description of each stage is explained in more details. 
 
 
7.2.1 Mixing 
 
The sample making steps have been shown in Figure 7.1 chart.  
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Figure 7.1 Sample manufacturing steps 
 
 
The first step before adding sodium silicate solution to shredded foams is preparing 
the hardener. Hardeners and fillers must be pre-mixed before adding to sodium 
silicate solution. This is vital to prevent agglomeration of hardener. Pre-mixing for 
hardeners is carried out by a food blender as shown in Figure 7.2. 
 
 
Figure 7.2 Mixer of hardeners and fillers 
 
 
Pre-mixing of accelerator (F305) and hardeners (F320) is undertaken for at least 10-
15min (complete mixing is assessed by visual observation, the powders achieve a 
uniform colour). Sodium silicate solution is then poured on shredded foams. All 
samples were mixed with three different weight percentages of shredded foams. This 
is to evaluate the influence of foam wt% on the properties of recycled samples. Table 
7.1 shows three types of mixtures with different weight percentages of foams.   
Filler 
Shredded Foam 
Sodium silicate 
solution 
Hardener 
Accelerato
r 
Mixing 
(Figure 7.2) 
Industrial Mixing 
(Figure 7.3) Slurry Cast 
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Table 7.1 Recycled samples’ preparation and materials proportion 
Hardener 
Type 
Sodium Silicate Solution 
(wt %) 
Foam 
(wt %) FABUTIT 320 
(wt %) 
FABUTIT 305 
(wt %) 
1 80.35 4.33 10.20 5.10 
2 78.29 6.78 9.94 4.97 
3 76.05 8.92 9.71 4.85 
 
 
An industrial mixer is utilized to perform the mixing process of binder and shredded 
foams. Hardener and fillers need to be added immediately after complete mixing of 
foams and silicate. Figure 7.3 shows the industrial mixer that performs the whole 
process of mixing. This mixer is a rotational mixer as shown in Figure 7.3. 
 
 
Figure 7.3 Industrial mixer used for mixing of foams and binder 
 
 
Mixing should be performed for at least 15min to ensure complete coating of 
fragmented foams by developed binder. This is assessed by visual observation. 
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7.2.2 Moulding 
 
Making the sample needs to be accurate in order to conform to testing restrictions on 
the cured sample such as Mechanical Testing and thermal resistivity. A mould has 
been designed and made at QMUL for this purposes.  The sample size for measuring 
the U-Value is 300×300mm which is the biggest sample required for evaluation 
testing. Samples’ thicknesses in thermal conductivity measurement were controlled 
to be 30±5mm. Therefore the mould has been designed to be bigger than 
300×300mm. Due to need for an accurate size, trimming was performed after 
removing the samples from the mould. Figure 7.4 shows schematic design of this 
mould. 
 
 
Figure 7.4 The mould designed for recycled samples’ preparation 
 
 
Compression testing samples were manufactured according to ASTM Standard 
C826: 1996 for investigating compressive strength of cured sample. The size of the 
specimen according to this standard is 50×50mm and it has been cut from the cured 
samples to be accurate. For compression testing the thickness of samples needs to be 
30±3mm. 
 
 
35mm 35mm 
5mm 
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7.2.3 Conditioning  
 
According to the relative standard (BS EN 826:1996) for testing all samples were 
aged for a period of at least 7 days, including the cure period in the mould, at room 
temperature (25◦C) and humidity less than 80 % before removing and testing [174]. 
If the faces of the specimens are not flat, smooth, and normal to the axis, they may be 
sanded, ground, or machined to specification.  
 
 
7.3 Experimental Procedure 
 
Four standard evaluation techniques for insulating thermosetting foams have been 
designed to be performed on recycled specimens. These techniques include: 
 
• Thermal transmittance measurement 
• Compression testing 
• Fire testing 
 Micro-calorimetry 
 Cone-calorimetry 
• Acoustic testing 
 
Details of applied standards, equipments utilised for performing measurements and 
also size of required specimens for each technique have been followed in this part.   
 
 
7.3.1 Thermal Conductivity Measurement 
 
Thermal conductivity, k, is the property of a material that indicates its ability to 
conduct heat. It appears primarily in Fourier's Law for heat conduction. Heat 
conduction, H, is measured by Equation 7.1. 
 
x
TAU
t
QH ∆××=
∆
∆
=
                                                                   Equation 7.1 
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Where 
t
Q
∆
∆
 is the rate of heat flow, U is the thermal conductivity, A is the total cross 
sectional area of conducting surface, ∆T is temperature difference, and x is the 
thickness of conducting surface separating the 2 temperatures. Thus, rearranging the 
equation gives thermal conductivity according to Equation 7.2. 
 
T
x
At
QU
∆∆
∆
=
1
                                                                                  Equation 7.2 
 
Where 
x
T∆
 is the temperature gradient. In other words, it is defined as the quantity of 
heat, ∆Q, transmitted during time ∆t through a thickness x, in a direction normal to a 
surface of area A, due to a temperature difference ∆T, under steady state conditions 
and when the heat transfer is dependent only on the temperature gradient. The 
principle of this procedure has been illustrated in Figure 7.5. 
 
 
Figure 7.5 Thermal conductivity measurement procedure 
 
 
Thermal transmittance measurements were conducted in accordance with the general 
procedure outlined in BS EN 13165:2001 [175]. According to this standard test 
specimens shall be squarely cut with square having sides of 300mm×300mm. 
Thickness range should be from 0 to 102 mm. This test was performed by the laser 
comp FOX314 machine as shown in Figure 7.6. FOX314 is compatible with three 
different standards depending on the size of samples. 
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Figure 7.6 Laser comp FOX314 U-Value measurement machine  
 
 
 
Also specifications of Laser comp FOX314 are listed in Table 7.2. 
 
Table 7.2 Specification of Laser comp FOX314 [176] 
Specimen Size 305mm (12”) square / 0 to 102mm (4”) thick 
Temperature range -20○C to 95○C (-4 ○F to 203 ○F) 
Absolute accuracy +/- 1% 
Reproducibility +/-0.5% 
Conductivity range 0.005 to 0.35 W/mK (0.035 to 2.4 BTU in/hr ft2 ○F) 
Conductance should not exceed:12W/m2 ○C ( 2.0 BTU/h ft2 ○F ) 
Utility requirements 
110/220V 50/60 Hz switchable at 600VA cooling 
water at 18○C or less 
 
Tests can be performed repeatedly at one temperature or at up to 9 user selected 
temperatures between –30○C and 95○C. In this research two tests at different 
temperatures, 5○C and 25○C, were performed on each sample. 
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7.3.2 Compression Testing 
 
The compression testing was conducted in accordance with the general procedure 
outlined in BS EN 826:1996 [174]. According to the standards test specimens shall 
be squarely cut with square having sides of 50mm×50mm, 100mm×100mm, 
150mm×150mm, 200mm×200mm or 300mm×300mm. The choice of dimensions to 
be used shall be specified in the relevant product standard. Test specimens shall be 
cut so that the specimen base is normal to the direction of compression in its intended 
use. In that case all recycled samples for compression testing in this research were 
chosen to be 50mm×50mm with a thickness of 30±3mm as described in the relevant 
standard. Figure 7.7 shows one of the samples before applying the compression test. 
Compression tests were conducted using the Instron 6025 mechanical test machine. 
For strength determination a load cell range of 50kN was used. 
 
 
Figure 7.7 Compression testing sample 
 
For compression strength determination, a load cell range of 100kN was used with a 
crosshead speed of d/10 mm/min. Compressive strength, mσ , in kPa was calculated 
using the Equation 7.3: 
3
0
10×=
A
Fm
mσ
                                                                                  Equation 7.3 
Where Fm is the maximum force and A0 is the initial area of the cross-section of the 
test specimens in mm2. According to the standard the compressive strength should be 
recorded at relative deformation of 5% and 10%.  
                                                                                                               1 
 
218
7.3.3 Fire Testing 
 
Heat release is the key measurement required to assess the fire development of 
materials and products. Traditionally it has been very difficult to measure and more 
recently full scale testing of items has been possible by burning these articles and 
measuring the evolved heat using a technique called oxygen depletion calorimetry. In 
this project two methods of fire testing, Micro-Calorimetry and Cone-Calorimetry, 
have been chosen. In following sections details of each experiment have been 
described. 
 
 
7.3.3.1 Micro-Calorimetry  
 
The microcalorimeter also known as the Pyrolysis Combustion Flow Calorimeter 
(PCFC) is a newly developed fire testing technique. As the ignition requires oxygen 
the PCFC microcalorimeter is based on continuous analysis of the oxygen required to 
consume pyrolysis gases [177]. This flammability testing tool has been developed to 
quickly and easily measure the combustibility of plastics, wood or clothing. Only a 
few milligrams of sample are needed and results are obtained in minutes instead of 
hours. The PCFC is shown in Figure 7.8. 
 
  
   A                                      B 
Figure 7.8 A) Micro Calorimeter and its B) sampling stage 
 
Sample 
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This technique, developed by Lyon, Walters and co-workers at the Federal Aviation 
Authority laboratories [178] enables parameters such as Specific Heat Release Rate 
(W/g),  Heat of Combustion (J/g) and ignition Temperature (°C) to be quickly 
determined from very small (1-5mg) specimens. This technique is important in that it 
measures fundamental thermochemical properties, gives data that can correlate with 
fire test data and as such it is valuable to materials scientists both as a development 
tool and as a QA tool. The PCFC is a low cost technique compared to larger Cone 
Calorimeters and has a higher test throughput. In the PCFC the sample is heated 
using a linear temperature program and the volatile thermal degradation products are 
swept from the pyrolysis chamber by an inert gas and combined with excess oxygen 
in a tubular furnace at flame temperatures to force complete non-flaming combustion 
(oxidation) of the fuel. Combustion products CO2, H2O and acid gases are scrubbed 
from the gas stream and the transient heat release rate is calculated from the 
measured flow rate and oxygen concentration. The maximum (peak) value of the 
PCFC heat release rate normalised for the initial sample mass and heat rate is a 
material flammability parameter with units of heat release capacity (J/g-K) which 
depends only on chemical composition of the sample and is proportional to the 
burning rate of the material in a fire. Time integration of the PCFC heat release rate 
gives the heat of combustion of the pyrolysis gases and the char yield is measured by 
weighing the sample before and after the test.  
Combustor
Mixing 
Section
Pyrolyzer
Sample Cup
Scrubber
Flow Meter
O2 Sensor
Exhaust
Purge Gas Inlet
Sample Post & 
Thermocouple
Oxygen Inlet
 
Figure 7.9 Schematic of PCFC [179] 
 
 
Features of the current FTT unit include temperature range between 25 to 1000°C 
and heating rate of 6 to 300°C/min. 
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7.3.3.2 Cone-Calorimetry  
 
The Cone Calorimeter is the most significant bench scale instrument in the field of 
fire testing. This test is based on the empirical observation that heat released by 
burning materials is directly proportional to the quantity of oxygen used in the 
combustion process. The cone calorimeter measures heat release rate, total heat 
released and effective heat of combustion by the oxygen consumption principle. The 
calorimeter also measures mass loss rate, time to ignition, specific extinction area, 
and, optionally, carbon monoxide and carbon dioxide production during the burning 
of material or product specimens exposed to radiant heat fluxes from a conical heater 
set at values from 0 to 100 kW/m2. The FTT Cone Calorimeter as shown in Figure 
7.10 has been used in this project to meet all existing Standards [180]. 
  
Figure 7.10 FTT Cone Clorimeter 
 
 
The size of recycled samples for testing was chosen to be 50mm×50mm with a 
thickness of 30±3mm. Three different heat fluxes, 35, 50 and 75 kW/m2, were 
applied on each samples. Also ignition time was recorded manually.  
 
 
 
 
 
20mm 
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7.3.4 Thermo Gravimetric Analysis (TGA) 
 
Thermogravimetric Analysis (TGA) measures weight changes in a material as a 
function of temperature (or time) under a controlled atmosphere. Its principal uses 
include measurement of a material's thermal stability and composition. TA 
Instrument Q500 used as the TGA instrument in this research is shown in Figure 
7.11. Its performance arises from a responsive low-mass furnace, ultra-sensitive 
thermobalance, and efficient horizontal purge gas system (with mass flow control). 
 
Figure 7.11 TA Instruments Q500 TGA [157] 
 
The Q500 balance provides the accuracy in weight change detection from ambient to 
1000 °C, low baseline drift, and reliable operation over the entire weight range. The 
designed system features a single control / sample thermocouple positioned 
immediately adjacent to the sample. A second thermocouple is located in the same 
sleeve slightly above the principal one. The design ensures that simultaneous heating 
rate control and sample temperature measurement are accurately accomplished. The 
horizontal purge gas system allows accurately metered purge gas to flow directly 
across the sample, and is expertly integrated into the vertical thermobalance / furnace 
design. A regulated portion of the gas is also directed through the balance chamber to 
eliminate backflow, and the combined gases plus any sample effluent exit the system 
by a side arm. Dual digital mass flow controllers provide accurate and precise purge 
gas metering that consistently exceeds conventional analog flow control devices for 
superior data quality. The automatic low volume, high-speed switching valves 
deliver instantaneous change of purge gas that is critical when converting between 
inert and oxidizing atmospheres. Gas flow rates are available as stored data file 
signals.  In Table 7.3 specifications of Ta Q500 TGA are described. 
Furnace 
Auto-sampler 
Samples Pan 
Controlling 
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Table 7.3 TA Q500 TGA Specifications [157] 
Temperature Compensated Thermobalance Included 
Maximum Sample Weight 1 g 
Weighing Precision +/- 0.01% 
Sensitivity 0.1 µg 
Baseline Dynamic Drift* < 50 µg 
Furnace Heating Resistance Wound 
Evolved Gas Analysis Furnace (EGA) Optional 
Temperature Range Ambient to1000 °C 
Isothermal Temp Accuracy +/- 1 °C 
Isothermal Temp Precision +/- 0.1 °C 
Controlled Heating Rate (°C/min) 0.01 to 100 
Furnace Cooling (forced air / N2) 1000 to 50 °C < 12 min 
Temperature Calibration Curie Point 
Autosampler-16 sample Optional 
Hi-Res TGA™ Optional 
Auto Stepwise TGA Included 
Modulated TGA™ Optional 
TGA/MS Operation Optional 
Platinum™ Software Included 
Sample Pans 
Platinum 50, 100 µL 
Ceramic 100, 250, 500 µL 
Aluminum 100 µL 
* From 50 to 1,000 °C at 20 °C/min using empty platinum pans 
 
 
Platinum (50 and 100 µL), and new style ceramic (100, 250, and 500 µL) pans are 
possible to use with the Q500 TGA from ambient to 1,000 °C. Platinum pans are 
recommended in most cases due to its inertness and ease of cleaning and were used 
in this research due to high stickiness of binders. 
 
 
7.3.5 Acoustic testing 
 
Acoustic testing was carried out under the license developed at Bradford University 
in collaboration with Kingspan Insulation Ltd. The size of the sample should be 
600mm×600mm. This sample was moulded in four attached moulds as described in 
the second part of this chapter.  Acoustic testing is performed by attaching original 
thermosetting foams to recycled specimens. Attaching original foam is due to 
measuring acoustic differences with recycled product. 
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7.4 Evaluation Results 
 
In this part the results of all evaluation techniques performed on recycled composite 
panels have been reported. These results cover thermal conductivity, compressive 
strength, fire properties and acoustic measurements which will be followed. 
  
 
7.4.1 Thermal conductivity measurement 
 
The thermal conductivity measurement has been carried out according to the BS EN 
13165:2001 standard. The sample was manufactured according to the procedure 
described in section 7.2 by using the designed mould. Cutting carried out on the 
sample after curing and conditioning to be in size accurately (Figure 7.12). This 
standard was recommended by The British Rigid Urethane Foam Manufacturers' 
Association (BRUFMA).  
  
 
Figure 7.12 Size of the thermal conductivity measurement specimen according to BS 
EN 13165:2001 satandard 
 
 
Thermal conductivity (U value) for all samples was measured at 10 °C average 
temperature and 23 °C. It was observed that the thermal conductivity of recycled 
samples was not changed between 10 and 23 °C. Thermal conductivity varies with 
any changes in density of manufactured sample, shredded foams (wt %) or screen 
size and that is because of gaps in between fragmented foams. In this part thermal 
conductivity of samples has been reported and also the effect of density, size 
distribution of foams and their weight percentage in the sample has been shown.  
 
 
300mm 
300mm 
31.2mm 
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7.4.1.1 Density vs. thermal conductivity 
 
In Figure 7.13 thermal conductivity of recycled samples vs. their density has been 
shown. Samples in this test have been prepared in 4.33, 6.78 and 8.92 weight 
percentages of foams. 
 
 
Figure 7.13 Thermal conductivity (W/mK) vs. density (kg/m3) of recycled samples 
 
It has been shown in this graph that for each type of foam the range of densities are 
in a same range. For instance PIR recycled samples’ density are between 750 to 825 
kg/m3 while Phenolic recycled samples’ density are between 850 to 975 kg/m3. 
Effect of weight percentage of foam on density and thermal conductivity has been 
shown by comparing TP10 PUR recycled samples. By increasing in weight 
percentages the density of sample decreases significantly. Also thermal conductivity 
increases for samples with higher weight percentages of foams. Elastogran and TP10 
are both PUR foam but they have difference in density. Their final product has also 
difference in density and thermal conductivity. Materials with higher density have 
lower thermal conductivity. Another issue that could be observed in this graph is the 
recycled sample with highest weight percentages of foams. TR27 (PIR) with 9 wt% 
of foam has the lowest density compared to all other samples and its thermal 
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conductivity is in the same range. Its only problem could be mechanical property due 
to high volume fraction of foam and less bonding between fragmented foams. This 
has been investigated in future testing plans. Also as it is highlighted on this graph 
thermal conductivity (U-Value) increases by increasing density. This is due to lower 
weight percentages of foam in higher density samples. Foams have lower thermal 
conductivity (0.023 W/mK) than sodium silicate (1.38 W/mK). Therefore more 
weight percentages of foam in the recycled sample decreases density and also U-
Value.  
Also thermal conductivity between 60 and 40 mm screen is similar but its different 
compared to 20mm screen. As discussed in the last chapter 20mm screen generates 
smaller foam particles in comparison with 40 and 60mm screens. Bigger foam 
particles pass heat more less effectively than smaller particles and that’s the reason 
the U-Value in 20mm screen is higher. 
   
 
7.4.1.2 Weight percentages of foams vs. thermal conductivity 
 
Figure 7.14 illustrates the difference in thermal conductivity by changing the foam 
weight percentage. For measuring in volume percentages it has been measured that 
4.33 wt% is 76 volume%, 6.78wt% is 82 volume% and 8.92 is 86volume%.  
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Figure 7.14 Thermal conductivity (W/mK) vs. foam wt %  
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As explained before in Figure 7.12, a higher amount of foam decreases the thermal 
conductivity of recycled samples. In Figure 7.14 it has been shown that this 
sensitivity of thermal conductivity by changing foam weight percentages is not high, 
especially higher than 7% and for higher percentages of foam the difference is not 
recognisable. Therefore it is important to make samples with weight percentages 
more than 7%. This in fact decreases thermal conductivity and density of recycled 
sample.   
 
7.4.1.3 Size distribution of foams vs. thermal conductivity 
 
In the last chapter it was explained that size distribution of fragmented foams varies 
by using different screen sizes for the designed shredder. In Figure 7.15 changes in 
thermal conductivity by putting different screens has been illustrated.  
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Figure 7.15 Thermal conductivity (W/mK) vs. screen size (mm) 
 
 
As the graph shows’ using bigger sizes of shredded foam is a better way of making 
samples due to samples’ lower thermal conductivity. But again the problem for 
mechanical properties arises for bigger sizes of shredded foams and this has been 
investigated in future testing for mechanical testing on these samples. 
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, 6.78 % 
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7.4.2 Compression testing 
 
The compression testing was carried out in accordance with the general procedure 
outlined in BS EN 826:1996. Samples have been cut to 50mm×50mm square 
samples with 3cm in thickness. According to the referred standard compression 
stress needs to be recorded at 5 and 10 percentages of displacement. In Figure 7.16 
an example result of the compression test on a finished composite panel is illustrated. 
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Figure 7.16 Compression testing result of recycled samples (8.92wt% Phenolic) 
 
 
To evaluate the effect of foam percentages on compression strength this test has been 
applied on specimens containing 4.33, 6.78 and 8.92 wt% of original foams. Also the 
compression strength of specimens manufactured by different kinds of foams has 
been tested. Moreover the influence of screen size on compression strength has been 
evaluated by this experiment. The results of compression testing considering all three 
factors (screen size, weight percentages and type of original foams) as mentioned 
above has been illustrated in Figure 7.17 (5% displacement) and 7.18 (10% 
displacement).  
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Figure 7.17 Compression testing of recycled samples at 5% displacement 
 
  
Figure 7.18 Compression testing of recycled samples at 10% displacement 
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In both graphs, the compression strength of recycled sample increases by increase in 
density. As mentioned in the previous section density decreases in lower weight 
percentages of foams. Therefore using higher weight percentages of foams decreases 
compression strength of recycled sample. It should be noted that screen size has a 
high impact on the mechanical strength. As discussed in chapter 6 bigger screen size 
generated bigger foam particles. As it has been highlighted in both graphs in Figure 
7.17 and 7.18 samples made by 20mm screen has lower strength than 60mm screen. 
This is due to high percentages of small foam particles in the recycled sample. These 
small particles initiate a crack in the sample as shown in Figure 7.19. This crack as it 
is shown in this figure will propagate and subsequently decreases compression 
strength. 
 
 
Figure 7.19 SEM image of small PIR particles initiating a crack 
 
 
 
As both graphs in Figure 7.17 and 7.18 describe recycled Phenolic samples are 
stronger than PIR samples compression stress. This is due to Phenolic’s lower pH, 
more polarity and rough surfaces of Phenolic particle foams (Figure 7.20) compared 
to other kinds of foam. Moreover Phenolic foams are hydrophobic which helps for a 
better bonding after adding waterglass. 
 
 
Initiated crack 
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                                 (A)                                                        (B) 
Figure 7.20 SEM image of A) Phenolic and B) PIR foams after shredding 
 
 
Also it has been observed that higher the density of original foam higher the 
compression strength it could achieve. This has been concluded from the Elastogran 
PUR recycled sample compared to TR27 PIR sample. 
 
According to results shown in Figure 7.17 and 7.18, the maximum strength belongs 
to the high temperature curing specimen. Comparing high temperature and room 
temperature curing Phenolic samples with same weight percentages, shows that 
compression strength greatly depends on curing temperature. This proves the fact 
that better silicate cross-linking happens at high temperature curing. Also due to 
lower viscosity at higher temperatures the binder can penetrate the surface of the 
foam more than the room temperature curing samples. This penetration strengthens 
the bonding of the foam/binder interface (Figure 7.21).  
 
 
                              (A)                                                              (B) 
Figure 7.21 Scanning electron microscopy of binder penetration in recycled samples 
cured at A) room temperature and B) High temperatures (120ºC) 
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Another factor that has an influence on compression strength is weight percentages 
of foam in recycled specimens. The lower the amount of foam, the higher 
compression strength is achieved.   
 
The last factor that has been considered in compression testing is screen size 
influence on compression strength. Results in both figures show that compression 
strength is not affected by screen size compared to weight percentage and type of the 
foams.  
 
 
7.4.3. Fire testing 
 
Reaction to fire tests ascertain whether the material takes part in the fire, their 
contribution to flame spread and their tendency to propagate and expand the fire by 
altering the thermal environment (preheating). In order to study “reaction to fire” 
behaviour of recycled samples and comparing their result to original foams two 
techniques (Micro and Cone-calorimeter) have been employed in this research. 
Results of these tests have been reported in following sections.  
 
 
7.4.3.1 Micro-calorimeter 
 
Heat Release Rate (HRR) of fire testing on original foams and also foam coated by 
waterglass binder measured by micro-calorimeter is shown in Figure 7.22. 
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Figure 7.22 HRR of original foams and foam coated by waterglass binder measured 
by Micro-Calorimeter 
 
 
As the graph shows in this figure, heat release rate (HRR) of PIR and PUR foams is 
higher than Phenolic foam. As described in chapter 2 one of the reason that Phenolic 
foams have been introduced and designed is to overcome low fire resistivity of 
PUR/PIR foams. Also the peak HRR for phenolic foams is at higher temperature 
compare to PUR/PIR foams. Fire initiation for PUR and PIR is at lower temperatures 
(350 °C) while for phenolic foam is around 550 °C. That means PUR/PIR foams 
combust at lower temperature and their fire resistivity is lower than Phenolic. 
Thermo Gravimetric Analysis (TGA) results on polymeric foams presented in Figure 
7.23 show that weight loss for each foam happens exactly at the temperature that 
they have highest HRR. This in fact happens because of degradation of foams. PUR 
and PIR have two peaks due to double reaction and degradation at different 
temperatures [3, 181]. 
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Figure 7.23 Thermo Gravimetric Analysis on polymeric foams 
 
 
The most important point in Figure 7.22 graph is HRR of PIR foams coated by 
waterglass binder. PIR foam has the highest HRR compare to PUR or Phenolic. But 
when it is coated by the binder the HRR rate decreases significantly. Samples in 
micro-calorimeter equipment are less than 2mg. That means the coating must be in 
micron scale. This in fact shows that the coating which is a thin layer (in microns) of 
waterglass binder could protect the worst foam in terms of fire resistivity (Figure 
7.21).  
 
Total heat release measured by micro-calorimeter is illustrated in next graph (Figure 
7.24). This graph highlights the benefit of the foam with higher fire resistivity 
(Phenolic) compared to PUR/PIR.    
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Figure 7.24 Total heat release measured by Micro-Calorimeter 
 
 
As both graphs in Figure 7.22 and 7.24 show the waterglass coated sample compared 
to the polymeric foams is fire resistant and does not burn at higher temperatures 
(total heat release is close to zero). From these results it could be concluded that fire 
resistivity of recycled samples is their important benefit in comparison to the original 
materials. HRR of recycled foams at different heat flux by cone-calorimeter 
technique has been measured to make sure that it produces the same results in bigger 
recycled samples.   
 
 
7.4.3.2 Cone-calorimeter 
 
Figure 7.25-7.27 show Heat Release Rate (HRR) of foams and recycled samples 
measured by the cone calorimeter at 35, 50 and 75 kW/m2.  
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Figure 7.25 HRR measured by cone calorimeter at 35 kW/m2 
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Figure 7.26 HRR measured by cone calorimeter at 50 kW/m2 
 
                                                                                                               1 
 
236 
0
50
100
150
200
250
0 100 200 300 400 500 600 700 800 900 1000
Time (S)
H
R
R
 
(kW
/m
²)
PUR Foam
PIR Foam
Phenolic Foam
Recycled PIR
Recycled Phenolic
 
Figure 7.27 HRR measured by cone calorimeter at 75 kW/m2 
 
 
As explained in the previous section each peak represents weight loss at certain 
temperatures which represent degradation of polymeric foams at that temperature [3, 
181].  
 
All kinds of polymeric foams were burnt after fire testing and they changed to the 
form of powder. The only difference is between phenolic and other foams at 35 
kW/m2, at which it takes more time for complete burning compared to PIR and PUR 
foams. As Figure 7.25 shows, at 35 kW/m2 phenolic foam due to its composition has 
a different behaviour in comparison to other polymeric foams. In another word its 
HRR is less which consequently results in its total heat release to be lower than other 
foams. This behaviour has been observed in micro-calorimeter result as well (Figure 
7.22). Phenolic foams resistivity to fire disappears at higher heat flux (Figure 7.26 
and 7.27). As there is no peak HRR for recycled samples at different heat flux it is 
concluded that recycled foams resist to burn during the tests. In Figure 7.28 
compression strength of recycled samples after and before fire testing by cone-
calorimeter has been compared which shows that recycled samples strength is 50% 
lower than samples before fire testing and this proves that these samples have not 
burned during fire testing. The fire testing on these specimens has been performed 
for 10min at 75 kW/m2 heat flux.  
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As it was mentioned in Micro-calorimetry testing this resistance to fire even at 75 
kW/m2 is due to the coating of foams by waterglass and its high fire resistivity.  
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Figure 7.28 Compression strength of recycled PIR samples before and after fire 
testing by cone-calorimeter at 75 kW/m2 for 10minutes 
 
Maintaining compression strength after fire testing is due to high fire resistivity of 
the silicate binder and because the binder has coated polymeric foams even at highest 
heat flux recycled sample resist oxidising. The binder as a coating layer starts 
oxidization very slowly and required oxygen never reaches to the level that foams 
start burning in lower sections of the sample. In Figure 7.29 a recycled sample after 
fire testing is shown.  
 
Figure 7.29 Recycled sample after fire testing 
Burned part 
Un-affected part 
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As Figure 7.29 shows the burnt part of the sample is on the surface and the rest of the 
sample is un-affected by fire testing. 50% decrease in compression strength of 
samples after fire testing is due to the burnt surface as shown in Figure 7.28.  
 
Maintaining compression strength after fire testing gives the recycled materials a 
benefit in terms of properties compared to original polymeric foams or other types of 
insulators.  
 
From fire testing results produced by Micro-calorimeter and cone-calorimeter it 
could be concluded that new recycled materials has a very high fire resistivity 
compared to the original materials. Therefore this new material could be introduced 
as a recycled insulator which is fire resistant and used in parts of the building that 
have a high risk of fire initiation.  
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7.4.4 Acoustic testing 
 
Acoustic properties of any materials used in the construction industry needs to be 
measured for certification and also their area of application. Acoustic testing on 
recycled polymeric foams as well as other insulation boards has been performed in 
this research. Figure 7.30 illustrates the results of acoustic testing on one of recycled 
polymeric foams which was containing 6.78 wt% of TR27 foams. In this experiment 
acoustic property of PUR TR26 with and without 35mm layer of recycled product 
has been compared. Any difference in both graphs shows the range of application for 
the recycled specimen.  
 
Figure 7.30 Acoustic testing result of recycled product 
 
 
The test graph shows the effect of the build-up with the additional recycled 
polymeric foam sample which can provide up to 22db improvements at 400Hz and 
an overall performance of 8db between 200 to 800Hz. Outside this frequency range 
the gain in the transmission loss is limited. Therefore overall it could be concluded 
that recycled product is more sound isolative than the original polymeric foam.  
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7.5 Summary 
 
By looking at compression testing results the best possible weight percentages of 
foams in the composite structure is around 6.5 percent (or 80% volume fraction). 
However thermal conductance is not affected as much as mechanical properties by 
weight percentages of foams.   
 
According to the results shown in this chapter recycled composite panels are 
comparable to their original foams in terms of thermal conductance and compression 
strength. In terms of fire resistivity the objective of the project has been achieved and 
at maximum heat flux fire initiation was not occurred. The recycled composite panels 
maintain comparable compressive strength after fire testing compared to samples 
before fire testing.  
 
It has also been observed that thermal conductivity is dependent on weight 
percentages and size distribution of fragmented foams. Creating a model that predicts 
thermal conductivity from these two variables is discussed in the next chapter. 
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CHAPTER 8               
DISCUSSION 
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8.1. Introduction 
 
In previous chapters following parts have been achieved: 
 
- Chapter 4: Finding suitable materials in accordance to defined recycling 
procedure outlined in chapter 3; 
- Chapter 5: Developing a binder that cures at room temperature less than 3 
hours with maintaining a viscosity required for mixing with fragmented 
foams; 
- Chapter 6: Designing a method for fragmenting thermosetting foams and 
measuring size distribution of shredded foams by changing all effective 
variables on the dispersion of foams; 
- Chapter 7: Manufacturing a composite panel consists of the developed 
binder as the first phase and fragmented thermosetting foams as the second 
phase and measuring thermal, mechanical, fire and acoustic properties of this 
recycled composite panel. 
 
As described in chapter 7, properties of composite structure vary by any changes in 
foams’ size dispersion and volume fraction or in another word these properties are a 
function of size and volume fraction of second phase (fragmented thermosetting 
foam). Therefore defining a function as a model that covers these variables is needed. 
By this model property of composite structure could be predicted without performing 
the actual experiment. Prediction of mechanical property by any model was not 
possible due to complexity of variables (for instance shape of each foam or its 
alignment in load direction through out the sample).  
 
Modelling of thermal conductivity measurements as a function of second phase 
properties is developed by many researchers [182-188]. No models exist for 
modelling of composite panels consists of fragmented foams with different size 
dispersion. Therefore in this chapter the model for thermal conductivity of recycled 
composite panels has been developed in accordance with all properties measured in 
previous chapters. In the following parts details about this model are discussed. 
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Also in this chapter the developed recycled composite panel has been compared to 
other insulation materials for better understanding of its position in comparison with 
all existing insulators. 
 
 
8.2. Theory of thermal conductivity for composites 
 
Over the past several years a number of publications have described measurements 
of, and analyses of the factors affecting, the thermal conductivity of single-
component porous materials [189]. Most materials contain more than one 
component; however, in this research analysis a substantial body of experimental 
data for a multi-component system is targeted. On the basis of this analysis the 
behaviour of real systems can be rationally considered. If a second component is 
added to a single-component system, it can form either a single-phase crystalline (or 
glassy) solution or a new second phase; the resulting effects on thermal conductivity 
may be quite varies. If a solid solution is formed, the added ions act as scattering 
centres for phonons [182]. The mean free path for this scattering process is related to 
the thermal conductivity by Equation 8.1. 
cvlk
3
1
=
                                                                                           Equation 8.1 
 
Where:  
k = thermal conductivity. 
c = volume specific heat. 
v = elastic wave velocity. 
l = mean free path 
If more than one scattering mechanism is present (there is always a limiting mean 
free path, lt, due to thermal vibrations of the lattice), the over-all mean free path is 
given by: 
 
...
1111
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+++=
llll t                                                                       Equation 8.2 
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At temperatures above the Debye temperature the mean free path for thermal 
scattering is inversely proportional to temperature and the mean free path due to 
impurity scattering is usually assumed to be independent of temperature [182]. The 
heat capacity, c, and wave velocity, v, are nearly independent of temperature, so to a 
good approximation the thermal resistivity is given by: 
 
bTa
k
r +==
1
                                                                            Equation 8.3 
 
Where a  and b are constants. 
 
In addition, the inverse mean free path is directly proportional to the concentration of 
scattering centres, C, so that at constant temperature 
 
yCx
k
r +==
1
                                                                            Equation 8.4 
 
Where x and y are constants. 
 
The minimum possible value, however, for the mean free path is the order of lattice 
dimensions, so that the effect of impurities reaches a limit at some low value of 
thermal conductivity for oxides which cannot be decreased. This is the case for 
glasses, for example. The effectiveness of impurities in reducing the thermal 
conductivity depends on how much they disrupt the lattice; for example, atoms of 
much different size than the host lattice should be most effective, but no quantitative 
relations are available. 
If a new phase is formed on the addition of a second component, its effect on thermal 
conductivity depends on the relative conductivity of the new phase and on the phase 
distribution. These differences are illustrated in Figure 8.1. 
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Figure 8.1 Phase distribution with (a) continuous primary phase, (b) continuous 
secondary phase, and (c) parallel slabs 
 
 
If a second phase appears as isolated spherical particles such as in Figure 8.l(a), the 
heat-flow pattern in the two phases is similar in kind to the flow parallel to the slabs 
in the two-dimensional case of Figure 8.1(c). In the case of slabs, the combined 
conductivity is given by: 
 
2211 kvkvkt +=                                                                                Equation 8.5 
 
 
Where v1 and v2 are volume fraction of each component 
 
If the second phase appears as a continuous boundary phase such as illustrated in 
Figure 8.l(b), thermal resistance of the two phases is in series, similar in kind to flow 
normal to the slab faces in Figure 8.l(c). For slabs, the resistivity is given by: 
2
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                                           Equation 8.6 
 
Equations 8.5 and 8.6 are reasonable approximations in cases where there is less than 
about 10% of a second phase. For higher concentrations, equations derived for 
random spherical inclusions or separated spherical particles have been derived by 
various workers [183-185]. According to Eucken’s relation (Equation 8.7), for the 
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case of a continuous primary phase with spherical inclusions, the conductivity of the 
mixture is: 
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                                                          Equation 8.7 
 
Where: 
km = conductivity of mixture. 
k1 and k2 = conductivities of continuous and dispersed phase respectively. 
vl = volume fraction of continuous phase. 
 
From Eucken’s theory it has been measured that in the case where k1 >> k2, 
conductivity of the mixture could be measured by Equation 8.8. 
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And if k1<<k2: 
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                                                                            Equation 8.9   
 
These relations lead to calculated conductivities such as illustrated in Fig 8.2 for 
systems of quite different thermal conductivities.  
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If a low-conductivity phase such as porosity is randomly dispersed in a continuous 
solid phase, the conductivity of the porous body is related to the conductivity of the 
solid to a good approximation by the simple relation [182]: 
 
)1( Pkk solidmeasured −=                                                      Equation 8.10 
 
Where P is the volume fraction of porosity. 
 
 
Figure 8.2 Relation for conductivity of two phase systems when k2>k1. As k1→k2, 
the two curves converge [182] 
 
In addition to the solid phases, almost all multi-component materials contain a 
certain amount of porosity. Since the porosity has a substantially lower thermal 
conductivity than any of the pore phases (except at high temperatures), it must be 
considered in comparing experimental measurements. For the high-density systems, 
the porosity normally is present as uniformly distributed isometric pores which can 
be corrected for by means of equation 8.5 or 8.7 [182]. 
 
 
8.3 Thermal conductivity results according thermal 
conductivity theory 
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In Figure 8.3, the results of thermal conductivity measurements (chapter 7) on 
recycled composite panels are compared to the Eucken theory model (Equation 8.7) 
for composite panels. In this equation kfoam and ksilicate are 0.023 and 1.38 W/mK 
respectively.  Also in Figure 8.3, the effect of porosity on thermal conductivity has 
been illustrated using Equation 8.10. 
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Figure 8.3 Thermal conductivity of recycled composite panels compared to Euckon 
theory 
 
 
As this graph shows by increasing volume fraction of foams the thermal conductivity 
decreases which is reasonable due to lower thermal conductivity of foam compared 
to the silicate binder. There is a difference between the experimental results and 
theory in this graph.  
 
 
8.4 Developing a new thermal conductivity theory for 
recycled composite structure 
 
Liquid binders are capable of diffusion into the foam particles because thermosetting 
foams are porous materials and absorb the binder within few microns around of their 
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contact layer with the binder. As it is shown schematically in Figure 8.4 this creates a 
third phase in addition to the fragmented foam and binder. This third phase belongs 
to the diffused layer around each foam particle. This layer should be counted as the 
third phase and should be considered in a new model. 
 
 
Figure 8.4 Diffused layer of binder around each foam particle 
 
In Figure 8.5 the interface of foam particles and binder has been shown using optical 
microscopy instrument.  
 
 
 
 
 
 
 
 
 
 
Figure 8.5 Optical microscopy of foam/binder interface in recycled composite panel 
 
 
In Figure 8.6 foam/binder interface is more visible by using scanning electron 
microscopy technique. 
K2 K1 K3 
K3 
1 mm 
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Figure 8.6 SEM of foam/binder interface in recycled composite panel 
 
 
As it has been marked in this picture the thickness of this interface diffused layer is 
around 0.7mm for foam’s average size. Thermal conductivity of this layer as the 
third phase affects the thermal conductivity of recycled composite and it should be 
considered in the Equation 8.7 as the thermal conductivity of multi-component 
model. The volume fraction of foams and binder by this diffused interface is 
changing. This volume fraction is a function of foams particles’ radius considering 
foam particles as spherical shape second phase (Figure 8.7). 
 
 
Figure 8.7 Foam/binder interface thickness  
 
 
 
The new volume fraction of each phase is measure by: 
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erfacebinderfoam
erface
f VVV
V
V
erface
int
int
int +′+′
′
=′
                                      Equation 8.13 
 
 
Where volume of foam and binder is measured by: 
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As it is shown in Figure 8.7 the foams are assumed to be spherical shape therefore 
volume of foam/binder interface for one single foam sphere is measured by: 
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4
3
4 RRRV erface ′′−′−′= pipi                                              Equation 8.16 
 
 
Where R′ is the shredded foam’s radius and R ′′ is the penetrated thickness around 
each foam. Volume fraction of foam and binder is measured by combining Equation 
8.11 to 8.16 (Considering in each foam particles’ interface, the volume fraction of 
binder and foam is equal). 
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                                                                                                                 Equation 8.17 
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Equation 8.20 
 
Where nx  is the volume fraction of foam particles with nR′  radius. The fragmented 
foams’ size dispersion in this research is measured in 11 different sizes (0-5, 5-10, 
…, 45-50 and <50mm). These results have been discussed in chapter 6. Therefore 
Equation 8.20 based on this measurement will be: 
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From Equation 8.19 and 8.21 the graph in Figure 8.8 is illustrated which shows that 
volume fraction of foam/binder interface is increased by increasing the foam average 
size. 
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Figure 8.8 Volume fraction of foam/binder interface vs. size of fragmented foams 
 
As discussed in chapter 6 size dispersion of fragmented foam after shredding 
depends on various factors such as foam density or screen size. Equation 8.21 shows 
that volume fraction of foam, binder and foam/binder interface is changing by sizes 
of foam particles and their volume fractions. Therefore the variation of volume 
fraction for each phase needs to be measured by changing foam particles (R’) and its 
fraction (x). In Figure 8.9 size distribution of PUR foam shredded by 3 different 
screens is illustrated. 
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Figure 8.9 Difference in size distribution of shredded PUR by using different screens 
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As this graph shows size distribution of shredded PUR foams in each screen is 
different. The bigger screen produces bigger particles and smaller screen produces 
smaller particles. Therefore volume fraction of each phase is changing by any 
changes in size distribution (Equation 8.17 to 8.21). 
 
Weight percentages of foam particles in the recycle composite panel affect the 
volume fraction of foam, binder and their interface. Therefore effect of weight 
percentages of foam needs to be discussed as well as their size distribution. 
 
In Figure 8.10 effects of size distribution difference and weight percentages of foams 
on volume fraction of foams, binder and foam/binder interface is illustrated. 
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Figure 8.10 Effect of shredded foams’ size distribution difference and weight 
percentages of foams in composite panel on volume fraction of A) foams, B) binder 
and C) foam/binder interface 
 
 
As Figure 8.10A shows volume fraction of foam in the recycled composite panel 
decreasing by increasing foam sizes (using bigger screens) while for the binder and 
foam/binder interface their volume fraction is increasing.  
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Verma et al. have proved that thermal conductivity of the multi-phase system’s 
interface is determined by Equation 8.22 [190]. 
 
)(
21
11
ff
f
i VV
Vk
k
+
=
                                                                       Equation 8.22 
 
For the intermediate phase if volume fraction of two other phases in this layer are 
close together it can be assumed that ki being average of k1 and k2 [190]. So from that 
the thermal conductivity of foam/binder interface is 0.7015 W/m.k (considering 
thermal conductivity of foam and binder being 0.023 and 1.38 W/m.k respectively). 
Kingery et. al. has shown that for coated particles the thermal conductivity is 
measured by the Equation 8.5. Therefore thermal conductivity of foam particles 
including layer of foam/binder interface could be measurable but according to 
Equation 8.17 and 8.21 volume fraction of foam and foam/binder interface is 
dependant on foam’s particle size dispersion. As it was shown foams particle 
dispersion by using different screens is changing (Figure 8.9). In Figure 8.11 by 
using Equation 8.5 and calculations in Figure 8.10 the thermal conductivity of coated 
foams (foam+interface) is illustrated. 
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Figure 8.11 Thermal conductivity of coated foams by foam/binder interface in 
different size dispersion of foam particles 
 
 
As this graph shows, thermal conductivity of coated foams decreasing with bigger 
particles which means volume fraction of foam is increasing because the foam/binder 
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interface layer is not changing when size of foam increasing. The penetration of 
binder inside foam particles is observed that it has not been more than 0.7-0.8mm in 
all particles and it is assumed in all particles to be within this range. 
 
Therefore by combining Equation 8.7, 8.21 and 8.22 the thermal conductivity of the 
mixture will be achieved (Equation 8.23): 
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Where Vinterface is measured from Equation 8.21, which is a function of foam particle 
size. In Figure 8.12 this theory considering foam particle size and volume fraction of 
foam/binder interface has been compared with the experimental results. 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Vf
Th
er
m
a
l c
o
n
du
ct
iv
ity
 
(w
/m
K
) Experimental resultsDeveloped theory
Eucken Theory
 
Figure 8.12 Thermal conductivity of recycled composite panels compared to the 
developed theory  
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As this graph shows experimental results are much closer to the theory compared to 
the Eucken theory. This is due to addition of the third phase of foam/binder 
intermediate layer to foam particles and binder mixture. As mentioned before (Figure 
8.7) the foams considered to be spherical shape particles. The difference between 
experimental results and developed theory is because of the difference in shape of the 
particles and theory’s calculations based on spherical particle. Verma et. al. has 
shown that heat transfer in composite structures consist of spherical second phase is 
more uniform than other randomly shaped particles (Figure 8.13) [190]. 
 
              A                                                      B 
Figure 8.13 Heat flux through sample made by A) Spherical particles and B) 
Randomly dispersed particles [190]  
 
 
As it is illustrated in this figure heat transformation in the sample made by randomly 
dispersed particles (Figure 8.13B) is easier than the sample with spherical particles 
(Figure 8.13A). And because recycled samples are made of randomly dispersed foam 
particles (Figure 8.5) the difference between the developed theory and experimental 
results is reasonable. It means that shape coefficient could be defined in this model. 
This shape coefficient is “one” when fragmented foams are as illustrated in Figure 
8.13A. As much as the shape of the fragmented foam is changing to irregular shapes 
this number decreases to lower (0<shape coefficient<1). Therefore the final model is 
as shown in Equation 8.24. 
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                                                                                                                 Equation 8.24    
 
Where S is the shape coefficient.  The shape coefficient for samples with zero and 
one Vf is equal to 1 because there has not been any foam shredding. It is around 1.4 
for fragmented foam particles and it increases if the shapes getting more irregular. In 
Figure 8.14 the shape coefficient effect on developed theory has been shown. In this 
graph shape coefficient is assumed to be 1.4.  
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Figure 8.14 Developed theory of thermal conductivity including shape coefficient 
effect 
 
As this graph shows the developed theory which includes shape coefficient of 1.4 is 
very close to the experimental results. It should be noted that for volume fraction of 1 
and zero the shape coefficient should be considered as 1. 
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8.5 Evaluation of recycling composite panel  
 
As described by the results in previous chapters new recycled product is comparable 
with original foam materials in terms of thermal conductivity, mechanical strength 
and acoustic properties. In terms of fire resistivity significant improvements in 
recycled composite panel achieved.  
 
The only main problem with the new recycled product is the density which is higher 
in comparison to the original thermosetting foams. This could be the only 
disadvantage of this product.  Figure 8.14 compares all materials which have been 
used in construction industry in terms of density and thermal conductivity.   
 
 
Figure 8.15 Comparison between construction materials in terms of density and 
thermal conductivity 
 
 
As Figure 8.14 shows recycled polymeric foam stands between conventional 
insulation materials (such as thermosetting foams or foam glass) and materials that 
their usage in construction industry has been finished due to their weight, cost or 
other factors (such as wood, concrete bricks or ceramics). This shows that the next 
choice for using as an insulator could be the new recycled composite panels. It also 
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offers more resistivity to fire which none of conventional insulators resist to fire at 
various heat fluxes. 
 
Comparing the new product with concrete shows that the new recycled product’s 
thermal resistivity and density are better. From that it could be concluded that there is 
an improvement with the new recycling technique over other similar  recycling 
methods such as THERMOGRAN with density of over 1000 kg/m3
 
and thermal 
conductivity of 0.48 w/m.k [38].     
 
Moreover the whole process of recycling described in this research is 
environmentally friendly and no toxic or non-recyclable materials have been used 
through out the process.  
 
It is also possible to apply this technique on-site due to its capability to cure at room 
temperature.   
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8.6 Cost analysis of new recycling composite panel 
 
The major routes for disposing of rigid polymeric foams are landfill and incineration 
with energy recovery. But the latter is not feasible in the UK according to the British 
Rigid Urethane Foam Manufacturer Association (BRUFMA) because the process 
releases CFC gases which harmful to the ozone layer [35]. Thus the only viable 
option for companies for disposing of their scrapped foam in the UK is to send it to 
landfill. The re-classification of polymeric foams as hazardous waste “wastes [that] 
are harmful to human health or to the environment, either immediately or over an 
extended period of time” means that there will be an increase in the cost of landfill 
[2]. In addition to this the government plans to increase the landfill tax from £21 per 
tonne by £3 each year to reach £35 per tonne has contributed to the decrease in 
number of hazardous landfill. The new recycling process for rigid polymeric foams is 
green; because it takes scrapped foam with no value and recycles it to a new product 
that can be used in number of applications. In addition to this it have low impact on 
the environment. Moreover the new recycling process is cheap if compared to 
landfill. 
The new recycling process for polymeric foams consists of a chopping machine and 
other chemical products (Hardener, binder and an accelerator). Thus the cost of the 
new recycling process will be derived through simply adding the cost of each these 
elements together. The costs of the new recycling process elements are as listed in 
Table 8.1. 
  
Table 8.1 The cost of new recycling process elements 
New Recycling Process Element Cost in Sterling 
The chopping machine 3000 
Binder (Sodium Silicate Solution 0100) 700 pmt* 
Hardener (F320) 2122 pmt* 
Accelerator (F305) 1443 pmt* 
* pmt: Per Metric Tonne 
 
 
Thus the total cost of the new recycling process for rigid polymeric foams consists of 
a fixed cost of £3000 for the chopping machine and a variable cost of £4265 which 
gives the total of £7265 (It’s assumed that companies will re-buy chemicals per 80 
tonnes of polymeric waste) (Figure 8.16). Therefore excluding the cost of chopping 
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machine the actual cost of recycled composite panel per square meter is around £0.9 
(considering that each square meter panel needs 1 kg silicate, 0.125g hardener and 
0.0625g accelerator).  
 
 
Figure 8.16 The total cost of the new recycling process (Fixed + Variable) 
 
 
 
All of the facts about the new housing sector in UK show that there will be an 
increase in the demand for thermal insulation thus an increase in the demand for 
polymeric foams due to their excellent thermal conductivity. Researches within the 
housing sector of the construction industry shows that a typical house (80m2) 
generates around 15.36m3 of waste materials on average. This account for 9.6 tonnes 
of waste material on average per household and this requires 5 skips to collect this 
amount of waste costing around £6715 [1]. 
 
The conventional route for disposing polymeric foams is landfill. Landfill is going to 
be calculated on the basis of hazardous landfill cost (£75 per tonne) plus landfill tax 
(£21 per tonne) and increasing by £3 from 2007 [6]. 
 
In Table 8.2 it has been shown that the cost of disposing scrapped polymeric foams 
generated from new housing sector from 2004 until 2016. The cost is increasing 
dramatically because of increasing demand for insulation. Cumulative savings 
between 2007 and 2016 can amount for nearly £50 millions if the new recycling 
process is used to dispose polymeric foams instead of landfill. 
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Table 8.2 Comparing the cost of recycling polymeric foams using landfill and new 
recycling process in the new housing sector 
Year No. of houses 
% of 
houses 
with 
insulation 
Total 
houses 
with 
insulation 
Scrapped 
foam 
Collection 
cost 
Landfill 
cost 
Total 
cost of 
disposal 
Cost 
using 
new 
recycling 
process 
Savings 
2004 190000 16 30400 4864 729600 466944 1196544 266577 929967 
2005 200000 22 44000 7040 1056000 675840 1731840 382585 1349255 
2006 210000 30 63000 10080 1512000 967680 2479680 544655 1935025 
2007 223000 36 80280 12845 1926720 1271635 3198355 692053 2506302 
2008 223000 43 95890 15342 2301360 1564925 3866285 825207 3041078 
2009 223000 48 107040 17126 2568960 1798272 4367232 920316 3446916 
2010 223000 53 118190 18910 2836560 2042323 4878883 1015426 3863458 
2011 223000 60 133800 21408 3211200 2354880 5566080 1148579 4417501 
2012 223000 68 151640 24262 3639360 2668864 6308224 1300754 5007470 
2013 225000 73 164250 26280 3942000 2890800 6832800 1408318 5424483 
2014 230000 79 181700 29072 4360800 3197920 7558720 1557166 6001554 
2015 235000 88 206800 33088 4963200 3639680 8602880 1771269 6831611 
2016 240000 100 240000 38400 5760000 4224000 9984000 2054465 7929535 
 
 
As Figure 8.17 shows, the cost of recycling using landfill compared to recycling by 
the new designed recycling process increasing more rapidly over the next 10 years. 
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Figure 8.17 Comparing the cost of recycling polymeric foams using landfill and new 
recycling process 
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In the UK there are around 220663 construction companies [190]. Homebuilding in 
the UK is dominated by few major developers such as Persimmon Plc, George 
Wimpey Plc, Taylor Woodrow Plc, Barratt Developments Plc and Redrow Plc [191]. 
Each of these companies builds around 12000 houses per year. Thus these largest 
construction companies have to dispose the amount of polymeric foam waste 
generated from the 12000. However not all construction companies build this amount 
of houses each year. Thus the author provides a table which calculates the cost of 
disposing polymeric foams in constructing new houses per year for companies 
building only 10 houses per year to companies building 12000. 
 
Table 8.3 shows the cost of disposing scrapped foam through conventional method 
(landfill) and through using the new recycling process and the savings can be made 
through using the new recycling process. This table will assist construction 
companies to decide whether to buy the new recycling process or stick with landfill. 
 
 
Table 8.3 Comparison between the cost of using landfill and the cost of using new 
recycling process to dispose polymeric foam waste 
No. of 
houses per 
year 
Scrapped 
foam 
(tonnes) 
Cost of 
collection 
Cost of 
landfill 
Total cost of 
disposal using 
conventional 
method 
Cost of disposal 
using new 
recycling 
process 
Savings  
10 1.6 240 153.6 394 7265 -6871 
20 3.2 480 307.2 787 7265 -6478 
30 4.8 720 460.8 1181 7265 -6084 
40 6.4 960 614.4 1574 7265 -5691 
50 8 1200 768 1968 7265 -5297 
60 9.6 1440 921.6 2362 7265 -4903 
70 11.2 1680 1075.2 2755 7265 -4510 
80 12.8 1920 1228.8 3149 7265 -4116 
90 14.4 2160 1382.4 3542 7265 -3723 
100 16 2400 1536 3936 7265 -3329 
110 17.6 2640 1689.6 4330 7265 -2935 
120 19.2 2880 1843.2 4723 7265 -2542 
130 20.8 3120 1996.8 5117 7265 -2148 
140 22.4 3360 2150.4 5510 7265 -1755 
150 24 3600 2304 5904 7265 -1361 
160 25.6 3840 1457.6 6298 7265 -967 
170 27.2 4080 2611.2 6691 7265 -574 
180 28.8 4320 2764.8 7085 7265 -180 
 
The major finding from the table is that in the Construction of new houses economies 
of scale will play an important role in determining the viability of the new recycling 
process for number of construction companies. Companies building between 10-180 
                                                                                                               1 
 
265
houses per year will hesitate to use the new recycling process because it will cost 
more than landfill. This is because of the following factors: 
 
- Low waste stream of polymeric foam 
- High cost of chopping machine (£ 3000) compared to their annual level of work 
- High cost of chemicals involved in the process (£4265) 
 
On the other hand companies which build 190 houses and above will have lower cost 
through using the new recycling process compared to landfill. The higher the number 
of the houses built by the construction company the higher the savings through using 
the new recycling process although there is an increase in the cost of the new 
recycling process per extra 500 houses to accommodate the cost for extra chemicals 
needed. Thus it’s obvious that economies of scale for companies using the new 
recycling process start from building 190 houses and more per year where savings 
can be achieved and where the new recycling process will cost less than landfill.  
 
 
Figure 8.18 the savings that can be achieved by the demolition sector if the new 
recycling process is used 
 
This increase in the cost of disposing polymeric foams for companies building 190 
houses and more per annum is due to an increase in the waste stream of polymeric 
foams from housing projects undertaken. The increase in waste stream will increase 
the landfill cost which estimated at £75 per tonne and will increase landfill cost 
which is £21 per tonne. Also an increase in waste stream will increase the cost of 
handling waste material including labour and transportation which is around £150 
per tonne. 
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8.7 Summary 
 
A new thermal conductivity theory for recycled composite panels derived in this 
chapter. This theory includes volume fraction of foams and binder, their thermal 
conductivity and also size dispersion of foam particles.  
 
According to the results in chapter 7, designed method of recycling is an alternative 
for recycling of polymeric foams. Also recycled samples’ fire properties rank them 
as one of the best materials for using in construction industry. And also it has been 
shown in figure 8.14 in terms of thermal conductivity recycled samples could be 
considered as the first choice of construction insulators after polymeric foams.  
 
Overall the whole process could be industrializing in a near future because of several 
advantages that reviewed in this research. 
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9.1 Conclusion 
 
The objectives of this research programme were to develop a new method of 
recycling for thermosetting polymeric foams that could be applicable on-site and 
produces a high added value product which has high fire resistivity and comparable 
thermal and mechanical properties to the original polymeric foam.  
 
By looking at different recycling techniques (Chapter 2) a recycling method that is 
applicable on-site and produces a high added value product was designed (Chapter 
3). 
 
The designed recycling technique required a binder that cures at room temperatures 
and provides binding strength and fire protection for foams. Sodium silicate solution 
as the binder is used due to its fast curing, high strength and fire resistivity (Chapter 
4). It is also recycable and costs less than conventional binding materials. Sodium 
silicate solution as explained in chapter 4 cures at temperatures higher than 100 ºC. 
For achieving room temperature curing there are different types of hardeners 
(Chapter 2). Acidic hardeners (Aluminium Phosphate) were chosen due to high 
strength bonding and fast reaction with sodium silicate solution. Also this hardener is 
environmentally benign and comes in the form of powder which is easier to transport 
on-site.  
 
Silica based fillers (silica sand, silica flour, clay and microsilica) are needed to be 
mixed with the hardener due to agglomeration of aluminium phosphate powders. The 
size distributions of fillers are important to inhibit agglomeration by particle packing 
procedure. These fillers need to be silica based powders to react with silicate 
solution. By reacting with silicate solution and fine distribution between hardener 
powders they inhibit agglomeration and consequently increase hardening time and 
strength (Chapter 5). Fillers increase viscosity which results in difficult mixing with 
fragmented foams. Therefore using an accelerator is the alternative solution (Chapter 
5). Statistical analysis shows that changing the amount of filler does not vary the 
strength of the cured binder as much as accelerator.  
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After finding the appropriate binder and its curing procedure the next step was 
finding a suitable foam fragmenting technique.  This technique is required to be 
portable on-site and works with a minimum wastage. It also needs to have control 
over size distribution of fragmented foams. A new shredding machine was designed 
for this research. This machine is portable and also has control on shredding foams 
by using different sizes of screens (Chapter 6). The results show that increasing 
density, shifts size distribution of fragmented foams to bigger sizes. Also applying 
different sizes of screens change the size distribution of foams, bigger screens 
produce larger size distribution.  
 
The final step in the recycling procedure is mixing binder with foams which has been 
carried out by using a spinal industrial mixer. The final product was cast in a mould 
and cured. 
 
As it was presented in chapter 7 the recycled product is comparable to the original 
foams in terms of thermal resistivity and also mechanical strength. But there has 
been a significant improvement in fire resistivity because the recycled composite 
panel resist to burn even at highest heat flux. Therefore this technique could be used 
in applications that need fire resistant materials.  
 
Therefore the composite panel is a high added value recycled material which has 
better fire resistivity than conventional insulants.  
 
In this research a thermal conductivity model has been developed (Chapter 8) that 
predicts the thermal conductivity of the recycled product by knowing the size 
distribution of fragmented foams and also weight percentages of foam in the recycled 
product. 
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9.2 Future works 
 
In this existing research there has been observed that several potential researches as 
future work could be defined: 
 
 To apply higher curing temperatures than ambient temp. (It could be up to 
120 ºC and it depends on different factors such as type of the hardener, 
amount of hardener or ratio between hardener/foams). 
 To use surfactants for improving viscosity and time of curing. They could 
both affect on curing temp. and also weight of final product 
 To use bigger screen size for shredding. This could help us to have a better 
size distribution of fragmented polymeric foams. 
 To spray Silicate binder on the mixture of hardener and shredded foams while 
they are mixing. 
 To spray silicate binder during the shredding procedure and mix hardener 
while this shredding taking place. 
 
 
These tasks could improve the final properties of the recycled product as well as cost 
saving. For example if spraying binder over fragmented foams works then a single 
machine could be designed such that the output could be the final product with 
improved properties. 
 
According to the developed model of thermal conductivity shape coefficient plays an 
important role. Controlling the shape parameter for different types of foams as a 
function of cutting technique needs to be looked at as the future work. Density and 
types of thermosetting foams affect the size and shape of fragmented foams.  
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